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Description
Field
[0001] The presentinvention relates to a multi-core op-

tical fiber and an optical transmission system.
Background

[0002] It is foreseeable that the time will come that,
along with drastic increase in Internet traffic in recent
years, the transmission capacity is short only by a trans-
mission method using only a fundamental mode of an
optical fiber for transmission. As a method for solving
this, spatial multiplexing technology using a multi-core
optical fiber or mode-multiplexing technology using a
multi-mode optical fiber is regarded as promising. For
example, in Non-Patent Literature 1, optimal designing
regarding an SMF-type solid-type multi-core optical fiber
is reported. In addition, in Non-Patent Literature 2, opti-
mal designing regarding a holey-type multi-core optical
fiber is reported. Furthermore, in Non-Patent Literature
3, the result of evaluation for transmission characteristics
using a 2-mode optical fiber is reported. On the other
hand, itis also considered to be a future important object,
along with increase in transmission capacity, to restrain
non-linear phenomenon in an optical fiber by enlarging
effective core area A of the optical fiber. For example,
in Non-Patent Literature4, an optical fiber of which A4
is enlarged to 155 um2 by optimizing refractive index pro-
file by using trench structure is proposed. In addition, In
Non-Patent Document 5, an optical fiber of which A is
enlarged to 134 um?2 by optimizing refractive index profile
by using a W-shaped structure is also proposed.

Citation List
Non-Patent Literature
[0003]

[Non-Patent Literature 1] Katsunori Imamura, et al.,
"Effective Space Division Multiplexing by Multi-Core
Fibers," ECOC2010, P1. 09 (2010).

[Non-Patent Literature 2] Katsunori Imamura, et al.,
"Multi-core holey fibers for the long-distance
(>100km) ultra large capacity transmission,"
OFC/NFOEC 2009, OTuC3(2009).

[Non-Patent Literature 3] Nobutomo Hanzawa, el al.,
"Demonstration of mode-division multiplexing trans-
mission over 10 km 2-mode fiber with mode coupler,"
OFC/NFOEC2011, OWA4(2011).

[Non-Patent Literature 4] Marianne Bigot-Astruc, et
al., "125 pm glass diameter single-mode fiber with
Aeff of 155 um2" OFC/NFOEC2011,0TuJ2(2011).
[Non-Patent Literature 5]Yoshinori Yamamoto, etal.,
"OSNR-Enhancing Pure-Silica-Core Fiber with
Large Effective Area and Low Attenuation,”
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OFC/NFOEC2010, OTul2(2010).

[0004] WO 2010/119930 A1 discloses a multi-core op-
tical fibre comprising a plurality of core portions and clad-
ding portion positioned at outer peripheries of the plurality
of core portions, the cladding portion having a refractive
index lower than the maximum reflective index of each
of the core portions, wherein each of the core portions
consists of a center core portion having the maximum
refractive index, and an outer periphery core portion
formed at an outer periphery of the center core portion.
A diameter of the center core portion is 14 pum to 19 um,
each of the core portions propagate only with predeter-
mined number of propagation modes, and an effective
core area at a wavelength of 1550 nm of each of the
propagation modes is equal to or greater than 120 um.
[0005] Shoichiro Matsuo: "[Shotai Koen] Multi-core
and Multi-mode Technique toward Ultra-high Capacity
Optical Transmission", IEICE TECHNICAL REPORT,
DENSHI JOUHOU TSUUSHIN GAKKAI, JP, vol. 111,
no. 148, 14 July 2011 (2011-07-14), pages 45-50,
XP008172288, ISSN: 0913-5685 discloses a spatial mul-
tiplexing multi-core technology using only spatial multi-
plexing in which each of the cores conducts a single-
mode transmission.

Summary
Technical Problem

[0006] However, there is a case where it is difficult to
support further increase in transmission capacity by
merely realizing the above-described spatial multiplexing
technology, mode-multiplexing technology, and effec-
tive-core-area-enlarging technology separately.

[0007] The presentinvention was conceived in consid-
eration of the above-described circumstance, and itis an
object to provide a multi-core optical fiber and an optical
transmission system enabling transmission capacity to
increase from a conventional technology.

Solution to Problem

[0008] In order to solve the above-described problem
and achieve the object, a multi-core optical fiber accord-
ing to an aspect of the present invention includes a plu-
rality of core portions, and a cladding portion positioned
at outer peripheries of the plurality of core portions, the
cladding portion having a refractive index lower than a
maximum refractive index of each of the core portions,
in which each of the core portions propagates light only
with predetermined number, which is equal to or greater
than 2, of propagation modes, and an effective core area
at wavelength of 1550 nm of each of the propagation
modes is equal to or greater than 120 pm?2.

[0009] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, the predeter-
mined number of the multi-core optical fiber may be 2.
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[0010] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the presentinvention, the propagation
modes may be LP01 mode and LP11 mode.

[0011] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, the predeter-
mined number may be 3.

[0012] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the presentinvention, the propagation
modes may be LP01 mode, LP11 mode, and LP21 mode.
[0013] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, an effective
core area of a first higher-order propagation mode at
wavelength of 1550 nm may be equal to or greater than
170 um2,

[0014] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, a cross-talk of
light at wavelength of 1550 nm between the respective
core portions and between the respective propagation
modes may be equal to or lower than -30.0 dB per 100
km of a propagation distance.

[0015] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, an effective
refractive index of one of the propagation modes, of which
a cross-talk of light at wavelength of 1550 nm between
the adjacent core portions is maximum, may have a dif-
ference which is equal to or greater than 0.00005.
[0016] Inaddition, inthe multi-core optical fiber accord-
ing to the aspect of the present invention, the difference
of the effective refractive index may have a difference
which is equal to or greater than 0.00015.

[0017] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, a separation
distance between each of the core portions and adjacent
one of the core portions may be equal to or shorter than
100 pm.

[0018] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, the plurality of
core portions may include core portions of which refrac-
tive index profiles differ from each other.

[0019] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, the plurality of
core portions may be constituted by 3 kinds of core por-
tions of which refractive index profiles differ from each
other.

[0020] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, a separation
distance between each of the core portions and adjacent
one of the core portions may be equal to or shorter than
90 pm.

[0021] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, a separation
distance between each of the core portions and adjacent
one of the core portions may be equal to or shorter than
60 pm.

[0022] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the presentinvention, the core portion
may consist of a center core portion having the maximum
refractive index, and an outer periphery core portion
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formed at an outer periphery of the center core portion
and having refractive index which is lower than the re-
fractive index of the cladding portion.

[0023] Inaddition, inthe multi-core optical fiber accord-
ing to the aspect of the present invention, a relative re-
fractive index difference A1 of the center core portion
relative to the cladding portion may be 0.2% to 0.5%, a
relative refractive index difference A2 of the outer periph-
ery core portion relative to the cladding portion may be
equal to or greater than -0.5% and lower than 0%, a di-
ameter of the center core portion may be 14 pum to 19
wm, and a ratio of an outer diameter of the outer periphery
core portion relative to the diameter of the center core
portion may be greaterthan 1 and equalto orlowerthan 4.
[0024] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, the core portion
may consist of a center core portion having the maximum
refractive index, an inner periphery core layer formed at
an outer periphery of the center core portion and having
a refractive index which is approximately equal to the
refractive index of the cladding portion, and an outer pe-
riphery core portion formed at an outer periphery of the
inner periphery core layer and having a refractive index
which is lower than the refractive index of the cladding
portion.

[0025] Inaddition, inthe multi-core optical fiber accord-
ing to the aspect of the present invention, a relative re-
fractive index difference A1 of the center core portion
relative to the cladding portion may be equal to or greater
than 0.20% and lower than 0.35%, a relative refractive
index difference A3 of the outer periphery core portion
relative to the cladding portion may be equal to or greater
than -0.5% and lower than 0%, a diameter of the center
core portion may be equal to or greater than 12.0 pm
and equal to or smaller than 18.0 um. and a ratio of an
outer diameter of the inner periphery core layer relative
to the diameter of the center core portion may be equal
to or greater than 2 and equal to or lower than 5.
[0026] Inaddition, inthe multi-core optical fiber accord-
ing to the present invention, the number of the core por-
tions may be 7.

[0027] Inaddition, inthe multi-core optical fiber accord-
ing to the aspect of the present invention, the number of
the core portions may be 19.

[0028] Inaddition,inthe multi-core optical fiber accord-
ing to the aspect of the present invention, a cross-talk of
light at wavelength of 1550 nm between the respective
propagation modes between 2 core portions of the core
portions may be equal to or lower than -30.0 dB per 1000
km of a propagation distance.

[0029] Inaddition,inthe multi-core optical fiber accord-
ing to the aspect of the present invention, the 7 core por-
tions may be constituted by a center one of the core por-
tions and other core portions disposed at apices of an
approximate regular hexagon of which the center one of
the core portions is disposed at center, and cross-talks
of light at wavelength of 1550 nm between the respective
propagation modes between the center one of the core
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portions and all of the other core portions may be equal
to or lower than -30.0 dB per 100 km of a propagation
distance.

[0030] Inaddition, in the multi-core optical fiber accord-
ing to the aspect of the present invention, the 7 core por-
tions may be constituted by a center one of the core por-
tions and other core portions disposed at apices of an
approximate regular hexagon of which the center one of
the core portions is disposed at center, and cross-talks
of light at wavelength of 1550 nm between the respective
propagation modes between the center one of the core
portions and the other core portions are equal to or lower
than -30.0 dB per 1000 km of a propagation distance.
[0031] In addition, an optical transmission system ac-
cording to an aspect of the present invention includes
the multi-core optical fiber of the above-described aspect
of invention as an optical transmission line.

Advantageous Effects of Invention

[0032] The present invention obtains an effect of real-
izing spatial multiplexing, mode multiplexing, and an en-
larged effective core area simultaneously, and increasing
transmission capacity of an optical fiber from convention-
al technology.

Brief description of drawings
[0033]

FIG. 1 is a cross section schematically showing an
optical fiber according to an embodiment 1.

FIG. 2 is a drawing showing refractive index profile
in case of the optical fiber shown in FIG. 1 propagat-
ing 2 modes.

FIG. 3 is a drawing showing refractive index profile
in case of the optical fiber shown in FIG. 1 propagat-
ing 3 modes.

FIG. 4 is a drawing showing relationship between
relative refractive index difference A1 and effective
refractive index ng.

FIG. 5 is a drawing showing relationship between
relative refractive index difference A2 and bending
loss or leakage loss.

FIG. 6 is a drawing showing relationship between
Ra and bending loss or leakage loss.

FIG. 7 is a drawing showing profile parameters of an
optical fiber in case of propagating 2 modes and op-
tical characteristics of LP0O1 mode.

FIG. 8 is a drawing showing optical characteristics
of LP11 mode and LP21 mode of the optical fiber
shown in FIG. 7.

FIG. 9is a drawing showing profile parameters of an
optical fiber in case of propagating 3 modes and op-
tical characteristics of LP0O1 mode.

FIG. 10 is a drawing showing optical characteristics
of LP11 mode, LP21 mode, and LP02 mode of the
optical fiber shown in FIG. 9.
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FIG. 11 is a drawing showing field distribution of light
of LP01 mode.

FIG. 12 is a drawing showing field distribution of light
of LP11 mode.

FIG. 13 is a drawing showing inter-core distance be-
tween core portions of a same kind in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 14 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 13.

FIG. 15is a drawing showing inter-core distance be-
tween core portions of a same kind in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 16 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 15.

FIG. 17 is a drawing showing inter-core distance be-
tween core portions of a same kind in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 18 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 17.

FIG. 19is a drawing showing inter-core distance be-
tween core portions of different kinds in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 20 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 19.

FIG. 21 is a drawing showing inter-core distance be-
tween core portions of different kinds in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 22 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 21.

FIG. 23 is a drawing showing inter-core distance be-
tween core portions of different kinds in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 24 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 23.

FIG. 25 is a drawing showing inter-core distance be-
tween core portions of different kinds in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 26 is a drawing showing relationship between
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the inter-core distance and the transmission dis-
tance shown in FIG. 25.

FIG. 27 is a drawing showing inter-core distance be-
tween core portions of differentkinds in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 28 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 27.

FIG. 29 is a drawing showing inter-core distance be-
tween core portions of differentkinds in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 30 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 29.

FIG. 31 is adrawing showing inter-core distance be-
tween core portions of a same kind in case of prop-
agating 3 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 32 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 31.

FIG. 33 is a drawing showing inter-core distance be-
tween core portions of a same kind in case of prop-
agating 3 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 34 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 33.

FIG. 35 is a drawing showing inter-core distance be-
tween core portions of a same kind in case of prop-
agating 3 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 36 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 35.

FIG. 37 is a drawing showing inter-core distance be-
tween core portions of differentkinds in case of prop-
agating 3 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 38 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 37.

FIG. 39 is a drawing showing inter-core distance be-
tween core portions of differentkinds in case of prop-
agating 3 modes, and transmission distance at which
cross-talk of light between propagation modes is -30
dB.

FIG. 40 is a drawing showing relationship between
the inter-core distance and the transmission dis-
tance shown in FIG. 39.

10

15

20

25

30

35

40

45

50

55

FIG. 41 is a drawing showing relationship between
difference of effective refractive indices ngybetween
adjacent core portions and inter-core distance in
case that cross-talk of light between propagation
modes is -30 dB at transmission distance of 100km.
FIG. 42 is a drawing showing result of simulation
calculation.

FIG. 43 is a drawing showing optical characteristics
of LP01 mode and LP11 mode of a produced single-
core optical fiber.

FIG. 44 is a drawing showing change in excitation
field when changing alignment position (shift
amount).

FIG. 45 is a drawing showing relationship between
intra-core cross-talk and shift amount of light of LP01
mode and light of LP11 mode.

FIG. 46 is a cross section schematically showing a
multi-core optical fiber used for design.

FIG. 47 is a drawing showing relationship between
inter-core distance A and transmission distance L.
FIG. 48 is a drawing showing relationship between
inter-core distance A and transmission distance L.
FIG. 49 is a drawing showing relationship between
inter-core distance A and transmission distance L.
FIG. 50 is a drawing showing relationship between
inter-core distance A and transmission distance L.
FIG. 51 is a drawing showing relationship between
the length of an optical fiber and cross-talk.

FIG. 52 is a drawing showing cross section of a pro-
duced multi-core optical fiber.

FIG. 53 is a drawing showing change in excitation
field when changing alignment position (shift
amount).

FIG. 54 is a drawing showing the result of evaluating
characteristics of Core 1 to Core 7.

FIG.55is adrawing showing a measurement system
for cross-talk.

FIG. 56 is a drawing showing the result of measuring
cross-talk.

FIG. 57 is a drawing showing the result of measuring
cross-talk.

FIG. 58 is a cross section schematically showing an
optical fiber according to an embodiment 2.

FIG. 59 is a drawing showing cross section of a pro-
duced multi-core optical fiber.

FIG. 60 is a drawing showing the result of evaluating
characteristics of Cores 1, 2, 8, 9, and 19.

FIG. 61 is a drawing showing the result of measuring
cross-talk.

FIG. 62 is a drawing showing field distributions of
light of LPO1 modes and LP11 modes of a single-
core optical fiber, a 7-core-type multi-core optical fib-
er, and a 19-core-type multi-core optical fiber.

FIG. 63 is a drawing showing trench-type of refrac-
tive index profile of a multi-core optical fiber accord-
ing to an embodiment 3.

FIG. 64 is a drawing showing structural parameters
and optical characteristics in case where the effec-
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tive core area of LP01 mode is set in the vicinity of
130 pm?2.

FIG. 65 is a drawing showing structural parameters
and optical characteristics in case where the effec-
tive core area of LP01 mode is set in the vicinity of
150 wm?2.

FIG. 66 is a drawing showing structural parameters
and optical characteristics in case where the effec-
tive core area of LP01 mode is set in the vicinity of
170 pm?2.

FIG. 67 is a drawing showing structural parameters
and optical characteristics in case where the effec-
tive core area of LP01 mode is set in the vicinity of
170 um2,

FIG. 68 is a drawing showing structural parameters
and optical characteristics in case where the effec-
tive core area of LP01 mode is set in the vicinity of
170 wm?2.

FIG. 69 is a drawing showing relationship between
inter-core distance and transmission distance at
which cross-talk between 2 adjacent cores is -30 dB
when changing bending radius R within a range of
20 mm to 180 mm.

FIG. 70 is a drawing showing relationship between
inter-core distance and transmission distance at
which cross-talk between 2 adjacent cores is -30 dB
when bending radius R is 20 mm.

FIG. 71 is a drawing showing relationship between
inter-core distance and transmission distance at
which cross-talk between 2 adjacent cores is -30 dB
when bending radius R is 60 mm.

FIG. 72 is a drawing showing relationship between
inter-core distance and transmission distance at
which cross-talk between 2 adjacent cores is -30 dB
when bending radius R is 100 mm.

FIG. 73 is a drawing showing relationship between
inter-core distance and transmission distance at
which cross-talk between 2 adjacent cores is -30 dB
when bending radius R is 140 mm.

FIG. 74 is a drawing showing relationship between
inter-core distance and transmission distance at
which cross-talk between 2 adjacent cores is -30 dB
when bending radius R is 180 mm.

FIG. 75is aschematic view of an optical transmission
system according to an embodiment 4.

FIG. 76 is aschematic view of an optical transmission
system according to an embodiment 5.

Description of Embodiments

[0034] Hereinafter, embodiments of a multi-core opti-
cal fiber and an_optical transmission system according
to the present invention will be explained in detail with
reference to the drawings. It should be noted that this
invention is not limited to these embodiments. In addition,
in this specification, unless mentioned otherwise, bend-
ing loss means macrobending loss when bending by 20
mm of diameter (bending diameter). In addition, terms
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not defined in this specification is subject to definition and
measurement method in International Telecommunica-
tion Union (ITU-T) G.650. 1.

(Embodiment 1)

[0035] FIG. 1is a cross section schematically showing
a multi-core optical fiber according to the embodiment 1.
As shown in FIG. 1, A multi-core optical fiber 100 is a 7-
core-type multi-core optical fiber including 7 core portions
10 to 70 and a cladding portion 80 positioned at each
outer periphery of the core portions 10 to 70.

[0036] The core portion 10 is positioned in the vicinity
of the center axis of the multi-core optical fiber 100, and
the other core portions 20 to 70 are disposed to be po-
sitioned approximately at apices of a hexagon in the cent-
er core portion 10 is as a center. In addition, the core
portions 10 to 70 include center core portions 11 to 71
and outer periphery core portions 12 to 72 formed at outer
peripheries of the center core portions respectively.
[0037] The centercore portions 11to 71 are made from
silica glass containing dopant, such as germanium (Ge)
etc., which increases refractive index. The outer periph-
ery core portions 12 to 72 are made from silica glass
containing dopant, such as fluorine (F) etc., which de-
creases refractive index. The cladding portion 80 is made
from pure silica glass not containing dopant which adjusts
refractive index. As a result, the center core portions 11
to 71 have the maximum refractive indices in the respec-
tive core portions 10 to 70, and their refractive indices
are higher than that of the cladding portion 80. In addition,
the refractive indices of the outer periphery core portions
12 to 72 are lower than that of the cladding portion 80.
[0038] The refractive index profiles of the respective
core portions 10 to 70 are set so that light is transmitted
only with predetermined number, i.e., equal to or greater
than 2, of propagation modes and effective core areas
in each propagation mode at the wavelength of 1550 nm
is equal to or greater than 120 pm?2.

[0039] FIG.2isadrawingshowingrefractive indexpro-
file in case of the multi-core optical fiber 100 shown in
FIG. 1 propagating 2 modes. It should be noted that, al-
though FIG. 2 shows the refractive index profile of the
core portion 10, the other core portions 20 to 70 also
have similar refractive index profiles. In FIG. 2, an area
P1 indicates the refractive index profile of the center core
portion 11. An area P2 indicates the refractive index pro-
file of the outer periphery core portion 12. An area P3
indicates the refractive index profile of the cladding por-
tion 80. As described above, this multi-core optical fiber
100 has so-called W-shaped refractive index profile in
which the refractive index of the outer periphery core por-
tion 12 is lower than the refractive index of the cladding
portion 80.

[0040] Herein, as shown in FIG. 2, the relative refrac-
tive index difference of the center core portion 11 with
respect to the cladding portion 80 is A1 and the relative
refractive index difference ofthe outer periphery core por-
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tion 12 with respect to the cladding portion 80 is A2. The
relative refractive index differences A1 and A2 are de-
fined by the following formulae (1) and (2):

A1={(n1-ne)/n}x100 [%]--- (1)

A2={(n3-n¢)/nc} X100 [%] - (2)

where n4 indicates the maximum refractive index of the
center core portion 11, n, indicates the minimum refrac-
tive index of the outer periphery core portion 12, and n,
indicates the refractive index of the cladding portion 80.
It should be noted that, in the embodiment, since the
cladding portion 80 is made from pure silica glass, n is
equal to the refractive index ng (1.44439 at the wave-
length of 1550 nm) of the silica glass.

[0041] In addition, as shown in FIG. 2, the diameter of
the center core portion 11 is indicated as 2a and the outer
diameter of the outer periphery core portion 12 is indi-
cated as 2b. In addition, the ratio b/a of the outer diameter
2b of the outer periphery core portion relative to the di-
ameter 2a of the center core portion is indicated as Ra.
It should be noted that the diameter 2a of the center core
portion is diameter at a position where relative refractive
index difference A1 is 0% at a border of the center core
portion 11 and the outer periphery core portion 12. In
addition, the outer diameter 2b of the outer periphery
core portion is diameter at a position where relative re-
fractive index difference is a value which is 1/2 of relative
refractive index difference A/2 at a border of the outer
periphery core portion 12 and the cladding portion 80.
[0042] In FIG. 2, the effective refractive index of LP0O1
mode, which is fundamental propagation mode of the
multi-core optical fiber 100 is indicated as ng; (LP01),
and the effective refractive index of LP11 mode which is
first higher-order propagation mode is indicated as n
(L11). Incase of FIG. 2, Aniis set to be equal to or greater
than 0.0002 where An indicates difference between ngg
(LP11) and refractive index n of the cladding portion 80.
[0043] As described above, if the effective refractive
index ng (LP11) of LP11 mode is made greater than
refractive index n, of the cladding portion 80 by equal to
or greater than 0.0002, the multi-core optical fiber 100
can transmit light in 2 modes of LP0O1 mode and LP11
mode while restraining bending loss and micro-bending
loss. In addition, as characteristics at wavelength of 1550
nm, the effective core area for LPO1 mode can be en-
larged to equal to or greater than 120 wm2, and bending
losses of LPO1 mode and LP11 mode decrease. It should
be noted that, if the value of the effective refractive index
ne (LP21) of LP21 mode, which is second higher-order
propagation mode, is made to be smaller than refractive
index n; of the cladding portion 80, since LP21 mode
becomes leaky mode, it is preferable that only 2 modes,
i.e., LPO1 mode and LP11 mode become propagation
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modes.

[0044] On the other hand, FIG. 3 is a drawing showing
refractive index profile in case of the multi-core optical
fiber 100 shown in FIG. 1 propagating 3 modes. In case
of FIG. 3, An is set to be equal to or greater than 0.0002
where An indicates difference between ngy (LP21) of
LP21 mode, which is second higher-order propagation
mode, and refractive index n of the cladding portion 80.
[0045] As described above, if the effective refractive
index ngi (LP21) of LP21 mode is made greater than
refractive index n_ of the cladding portion 80 by equal to
or greater than 0.0002, the multi-core optical fiber 100
can transmit light in 3 modes of LP01 mode, LP11 mode,
and LP21 mode while restraining bending loss and micro-
bending loss. In addition, as characteristics at wave-
length of 1550 nm, the effective core area for LPO1 mode
can be enlarged to equal to or greater than 120 um2, and
bending loss of LPO1 mode, LP11 mode, and LP21 mode
decreases. It should be noted that, if the value of the
effective refractive index ng¢ (LP02) of LPO2 mode, which
is third higher-order propagation mode, is made to be
smaller than refractive index n, of the cladding portion
80, since LP02 mode becomes leaky mode, it is prefer-
able that only 3 modes, i.e., LPO1 mode, LP11 mode,
and LP21 mode become propagation modes.

[0046] Itshould be noted that, regarding profile param-
eters determining refractive index profile, if the relative
refractive index difference A1is 0.2% to 0.5%, the relative
refractive index difference A2 is equal to or greater than
-0.5% and lower than 0%, the diameter 2a of the center
core portion is 14 pm to 19 um, and Ra is greater than
1 and equal to or smaller than 4, the above-described
transmission with 2 modes or 3 modes can be realized.
Furthermore, it is preferable that the outer diameter 2b
of the outer periphery core portion is 30 pm to 70 pm.
[0047] Hereinafter, profile parameters preferable for a
case where transmission is performed with desirable
number of modes will be explained with reference to the
result of calculation using simulation by finite element
method.

[0048] FIG. 4 is a drawing showing relationship be-
tween the relative refractive index difference A1 and ef-
fective refractive index ng at the wavelength of 1550 nm
in the multi-core optical fiber 100 configured as shown in
FIG. 1 in case of changing the relative refractive index
difference A2. It should be noted that the effective refrac-
tive indices ng are shown for LP11 mode and LP21
mode. In addition, the value of Ra was fixed to 3. In ad-
dition, the diameter 2a of the center core portion was
adjusted so that the effective core area A, 0f LPO1 mode
is 170 pm2.

[0049] Like an area A shown in FIG. 4, the range of A1
exists in which ng; of LP21 mode is equal to or smaller
than 1.44439 (refractive index of silica glass) and n¢ of
LP11 mode is equal to or greater than 1.4460. In this
range, since LP21 mode becomes leaky mode, trans-
mission with 2 modes is possible. In addition, the range
of this area A is found to be dependent on A2 not so



13 EP 2 743 742 B1 14

much. In FIG. 4, itis found that preferable n is obtained
in case where A1 is a value in the vicinity of 0.3%. In
addition, it was confirmed that, according to calculation
conducted to any combination of profile parameters, a
combination of the profile parameters exists in which
transmission at 2 modes is possible in case where A1 is
0.2% to 0.5%.

[0050] FIG. 5 is a drawing showing relationship be-
tween relative refractive index difference A2 and bending
loss or leakage loss. It should be noted that, in FIG. 5,
A1 was fixed to 0.3% and Ra was fixed to 3. In addition,
the diameter 2a of the center core portion was adjusted
so that the effective core area A 4 of LPO1 mode is 170
wm2,

[0051] AsshowninFIG. 5, the more A2 increases, the
more bending loss of LP11 mode increases. In case of
FIG. 5, it is preferable because the bending loss of LP
11 mode is equal to or smaller than 50 dB/m in case
where A2 is smaller than -0.02%. In addition, it is more
preferable since, in case where A2 is smaller than
-0.05%, the bending loss of LP11 mode is equal to or
smaller than 10 dB/m. In addition, it was confirmed that,
according to calculation conducted to any combination
of profile parameters, a combination of the profile param-
eters exists in which the bending loss of LP11 mode is
equal to or smaller than 50 dB/m in case where A2 is
smaller than 0%.

[0052] On the other hand, there is a case where LP21
mode is propagated since leakage loss of LP21 mode
decreases if A2 decreases. In case of FIG. 5, it is pref-
erable because the leakage loss of LP21 mode is equal
to or greater than 1dB/m in case where A2 is equal to or
greater than -0.14%. In addition, it is more preferable
since, incase where A2 is equal to or greater than-0.12%,
the leakage loss is equal to or greater than 10 dB/m. In
addition, it was confirmed that, according to calculation
conducted to any combination of profile parameters, a
combination of the profile parameters exists in which the
leakage loss of LP21 mode is preferably equal to or great-
er than 1 dB/m in case where A2 is equal to or greater
than -0.5%.

[0053] FIG. 6 is a drawing showing relationship be-
tween Ra and bending loss or leakage loss. It should be
noted that, in FIG. 6, A1 was fixed to 0.3% and A2 was
fixed to -0.1%. In addition, the diameter 2a of the center
core portion was adjusted so that the effective core area
Ag of LPO1 mode was 170 um2.

[0054] As shown in FIG. 6, the more Ra decreases,
the more the bending loss of LP11 mode increases. In
case of FIG. 6, it is preferable because the bending loss
of LP11 mode is equal to or smaller than 50 dB/m in case
where Ra is greater than 1.2. In addition, it is more pref-
erable since, in case where Ra is equal to or greater than
2, the bending loss of LP11 mode is equal to or smaller
than 10 dB/m. In addition, it was confirmed that, accord-
ing to calculation conducted to any combination of profile
parameters, a combination of the profile parameters ex-
ists in which the bending loss of LP11 mode is preferable
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and equal to or smaller than 50 dB/m in case where Ra
is equal to or greater than 1.

[0055] On the other hand, there is a case where LP21
mode is propagated since leakage loss of LP21 mode
decreases if Ra increases. In case of FIG. 6, it is prefer-
able because the leakage loss of LP21 mode is equal to
or greater than 1dB/m in case where Ra is equal to or
smaller than 3. In addition, it is more preferable since, in
case where Rais equal toorsmallerthan 2.2, the leakage
loss is equal to or greater than 10 dB/m. In addition, it
was confirmed that, according to calculation conducted
to any combination of profile parameters, a combination
of the profile parameters exists in which the leakage loss
of LP21 mode is equal to or greater than 1 dB/m in case
where Ra is equal to or smaller than 4.

[0056] It should be noted that, in FIGS. 4 to 6, the di-
ameter 2a of the center core portion was adjusted so that
the effective core area A4 of LPO1 mode is 170 pmZ2. In
this state, in case where the diameter 2a of the center
core portion is 15 wm to 19 um, 170 pm? of A ¢ was able
to be obtained. In addition, it is preferable because the
bending loss of LP11 mode can be equal to or smaller
than 50 dB/m if the outer diameter 2b of the outer periph-
ery core portion is greater than 15 um and because the
leakage loss of LP21 mode can be equal to or smaller
than 1 dB/m if the outer diameter 2b of the outer periphery
core portion is equal to or smaller than 76 pm. In addition,
it is preferable since non-linearity is low if A is equal to
or greater than 130 pmZ. In addition, it is preferable that
Ag is equal to or smaller than 170 pm?2 since micro-
bending loss is low and connectivity to other optical fibers
is good.

[0057] As described above, it was confirmed that, if A1
is 0.2% t0 0.5%, A2 is equal to or greater than -0.5% and
smaller than 0%, the diameter 2a of the center core por-
tion is 14 um to 19 um, and Ra is greater than 1 and
equal to or smaller than 4, an optical fiber with good char-
acteristics from a view point of A, bending loss, and
leakage loss, can be realized.

[0058] FIG. 7 is a drawing showing profile parameters
of an optical fiber in case of propagating 2 modes and
optical characteristics of LP01 mode. FIG. 8 is a drawing
showing optical characteristics of LP11 mode and LP21
mode of the optical fiber shown in FIG. 7.

[0059] Among items in FIGS. 7 and 8, for example,
"No.130-1"and "No.130-2" etc. are calculation examples
in which profile parameters are selected so that the ef-
fective core area A of LPO1 mode is between 130 um
and 139 umZ. In addition, "dispersion" indicates choro-
matic dispersion [unit: ps/nm/km], "slope" indicates dis-
persion slope [unit: ps/nm2/km], and "MFD" indicates
mode field diameter [unit: wm]. The unit for A1 and A2 is
[%], the unit for 2a and 2b is [.m], the unit for A ¢is [pm?],
and the unit for bending loss is [dB/m]. In addition, among
values of bending loss etc., "E" is a sign indicating powers
of 10. For example, "1.4E-09" means "1.4x10-°". In ad-
dition, all the values for optical characteristics are ob-
tained at 1550 nm of wavelength.
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[0060] In the profile parameters shown in FIGS. 7 and
8,A1is 0.2%t0 0.5%, A2 is equal to or greater than -0.5%
and smaller than 0%, the diameter 2a of the center core
portion is 14 um to 19 pum, and Ra is greater than 1 and
equal to or smaller than 4. By doing this, ng of LP11
mode is greater than n; (=1.44439), which is the refrac-
tive index of the cladding portion, by equal to or greater
than 0.0002, transmission with 2 modes is realized, the
good characteristics from a view point of A, bending
loss, and leakage loss is realized.

[0061] FIG. 9is a drawing showing profile parameter
of an optical fiber in case of propagating 3 modes and
optical characteristics of LPO1 mode. FIG. 10is adrawing
showing optical characteristics of LP11 mode, LP21
mode, and LP02 mode of the optical fiber shownin FIG. 9.
[0062] In the profile parameters shown in FIGS. 9 and
10, A1 is 0.2% to 0.5%, A2 is equal to or greater than
-0.5% and smaller than 0%, the diameter 2a of the center
core portion is 14 pm to 19 um, and Ra is greater than
1 and equal to or smaller than 4. The range particularly
suitable for 3-mode propagation is that, for example, A1
is 0.36% to 0.50%, A2 is equal to or greater than -0.5%
and smaller than -0.05%, Rais greater than 1 and equal
to or smaller than 4, and 2a is 14.9 pm to 17.3 pm. On
the other hand, the range suitable for 2-mode is that, for
example, A1 is 0.2% to 0.45%, A2 is equal to or greater
than -0.2% and smaller than 0%, Ra is greater than 1
and equal to or smaller than 4, and 2ais 14 pmto 19 pm.
[0063] By doing this, ng of LP21 mode is greater than
n; (=1.44439), which is the refractive index of the clad-
ding portion, by equal to or greater than 0.0002, trans-
mission with 3 modes is realized, good characteristics
from a view point of Az, bending loss, and leakage loss
are realized.

[0064] FIGS. 11and 12aredrawings showing field dis-
tributions of LPO1 mode and LP11 mode respectively.
Direction and size of an arrow indicate direction and size
of field respectively. It should be noted that both FIGS.
11 and 12 show a case where profile parameters were
set so that A is 150 pm2.

[0065] As shown in FIG. 11, LPO1 mode is in a Gaus-
sian shape having afield in the center. On the other hand,
LP11 mode is in a doughnut shape not having field dis-
tribution in the center. For this reason, field of each prop-
agation mode is restrained from interfering with each oth-
er. Therefore, when making 2 signal lights incident into
the multi-core optical fiber 100, if 2 signals are made in-
cident and propagate to be propagated in 2 propagation
modes respectively, 2-mode optical transmission with
less mutual interference is possible. In addition, similarly
toLP11 mode, LP21 mode does not have field distribution
in the center and has high intensity field distribution there-
around. However, LP11 mode and LP21 mode differ from
each other in the shape of field distribution. Therefore,
LP01 mode, LP11 mode, and LP21 mode are restrained
from interfering with one another. On the other hand,
since the intensity of field of LP02 mode is high in both
the center and therearound, there is a possibility of inter-
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fering with all of the other LP01 mode, LP11 mode, and
LP21 mode. Therefore, in case where the above-de-
scribed four modes have been propagated in a multi-core
optical fiber, unlike the other propagation modes, it is
difficult to extract LP02 mode selectively.

[0066] Next, cross-talk of light in this multi-core optical
fiber 100 will be explained specifically. The magnitude of
interference of light in a waveguide structure in which the
2 core portions (for example, core portions 10 and 20) of
the multi-core optical fiber 100 exist in parallel is account-
ed for by mode coupling theory. That is, among light in-
cident into one of the core portions, i.e., core portion 10,
power Pw of light transmitted to the other one of core
portions, i.e. the core portion 20 by mode coupling while
being transmitted through the core portion 10 can be cal-
culated by a formula (3) as follows by using transmission
distance z and mode-coupling constant y between the 2
core portions.

Pw=fxsin®(yz)* * *(3)

[0067] Herein if profile parameters are identical be-
tween the core portion 10 and the core portion 20, it is
f=1. Therefore, it is Pw=1 when it is z=n(2y), resulting
that 100% of the power of the light transmits from one of
the core portions to the other one of the core portions.
As described above, the transmission distance in which
100% of the power of the light is transmitted is called
coupling length L. Thatis, itis L=n(2y). It should be noted
that this mode-coupling constant y is determined based
on the profile parameters of each of the core portions 10
and 20 and the separation distances of the core portions
10 and 20. Herein the separation distance between 2
core portions means separation distance between the
centers of the respective core portions.

[0068] Herein if the separation distance between the
core portion 10 and the core portion 20 is set so that the
mode-coupling constant y is 3.16 X 10-7/m related to the
profile parameters of the respective core portions 10 and
20 and desirable overall length, the cross-talk between
the core portions is equal to or smaller than -30 dB in the
above-described desirable overall length, the cross-talk
of light propagating in the 2 core portions 10 and 20 is
sufficiently small.

[0069] It should be noted that adjacent core portions
for the core portion 10 in the multi-core optical fiber 100
are core portions 20 to 70, the number of which is 6. On
the other hand, the number of the adjacent core portions
for the respective core portions 20 to 70 is 3, and the rest
of 3 core portions are separated farther than the adjacent
3 core portions. Herein, since the cross-talk between the
core portions decreases drastically with the increasing
separation distance, only the cross-talk with the adjacent
core portions may have to be considered.

[0070] In addition, since light is propagated with equal
to or greater than 2 propagation modes in the multi-core
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optical fiber 100, the cross-talk of light between the re-
spective propagation modes must be considered.
[0071] Next, in the multi-core optical fiber 100, the re-
sult of calculating cross-talk of light between adjacent
core portions in a case where profile parameters of the
adjacent core portions are identical (in case of a same
kind of core portions) will be explained.

[0072] FIG. 13 is a drawing showing separation dis-
tance between core portions (inter-core distance) of a
same kind in case of propagating 2 modes and transmis-
sion distance at which cross-talk of light between prop-
agation modes is -30 dB. FIG. 14 is a drawing showing
relationship between the inter-core distance and the
transmission distance shown in FIG. 13. It should be not-
ed that the profile parameters shown in No. 150-1 of FIG.
7 were used for profile parameters of the core portion. In
FIGS. 13 and 14, for example, "LP01-LP01" means
cross-talk of light between LP0O1 modes of the adjacent
core portions of a same kind.

[0073] Herein the inter-core distance must be deter-
mined so that desirable cross-talk is realized to 2 prop-
agation modes at which optical coupling is the maximum
and the cross-talk is the maximum. By doing that way,
the cross-talk between other propagation modes is sup-
posed to satisfy desirable value. In cases shown in FIGS.
13 and 14, since coupling of light between LP11 modes
is great, in order to obtain -30 dB of cross-talk between
LP11 modes at 100km of transmission distance
(1.0E+05m), the inter-core distance may have to be, for
example, approximately 90 wm which is equal to or great-
er than 89.3 um. In this case, the inter-core distance can
be equal to or smaller than 100 pm.

[0074] Next, a case was examined in which profile pa-
rameters of the core portions of which effective core ar-
eas are different from those of FIGS. 13 and 14. FIG. 15
is a drawing showing inter-core distance between core
portions of a same kind in case of propagating 2 modes,
and transmission distance at which cross-talk of light be-
tween propagation modes is -30 dB. FIG. 16 is a drawing
showing relationship between the inter-core distance and
the transmission distance shown in FIG. 15. The profile
parameters shown in No. 130-1 of FIG. 7 were used for
profile parameters of the core portions.

[0075] In casesshownin FIGS. 15 and 16, similarly to
the cases of FIGS. 13 and 14, cross-talk between LP11
modes was great. In addition, in order to obtain -30 dB
of cross-talk between LP11 modes at 100km of trans-
mission distance, it was confirmed that the inter-core dis-
tance may be approximately 87 pum which is equal to or
smaller than 100 pm.

[0076] FIG.17isadrawingshowing inter-core distance
between core portions of a same kind in case of propa-
gating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30 dB.
FIG. 18 is a drawing showing relationship between the
inter-core distance and the transmission distance shown
in FIG. 17. The profile parameters shown in No. 170-1
of FIG. 7 were used for profile parameters of the core
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portions.

[0077] Incases shown in FIGS. 17 and 18, similarly to
the cases of FIGS. 13 to 16, cross-talk between LP11
modes was great. In addition, in order to obtain -30 dB
of cross-talk between LP11 modes at 100km of trans-
mission distance, it was confirmed that the inter-core dis-
tance may be approximately 90 wm which is equal to or
shorter than 100 pm.

[0078] From the results shown in FIGS. 13 to 18, in
any case, cross-talk between LP 11 modes was great.
In addition, even though the effective core area A of
LP01 mode was changed within the range of approxi-
mately 130 um?2 to 170um?2, necessary inter-core dis-
tance did not change to a great extent.

[0079] By the way, in case of the multi-core optical fiber
100, the outer diameter of the cladding portion 80 must
be equal to or greater than 300 wm in case of making the
inter-core distance be 90 pum, and in case of making the
distances of the outer peripheries of the core portions 20
to 70 and the outer periphery of the cladding portion 80
be 60 uwm. It should be noted that the distance between
the outer peripheries of the core portions 20 to 70 and
the outer periphery of the cladding portion 80 was made
60 wm because, if this distance is too short, bending loss
increases, and the bending loss does not increase if it is
60 uwm. Non-Patent Literature 1 argues reliability of an
optical fiber having such a greater outer diameter, and
by arguing such reliability, the optical fiber having a great-
er outer diameter can be used. However, in order to en-
sure reliability more surely, it is preferable to realize a
multi-core optical fiber of which an outer diameter is
smaller by decreasing the inter-core distance.

[0080] Then, in order to decrease the inter-core dis-
tance, the core portions included in the multi-core optical
fiber 100 were made be core portions of different kinds
in which profile parameters differ from each other, and
similarly to the above-description, the inter-core distance
and the transmission distance at which cross-talk of light
between propagation modes is -30 dB were calculated.
[0081] FIG. 19isadrawingshowinginter-core distance
between core portions of different kinds in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30 dB.
FIG. 20 is a drawing showing relationship between the
inter-core distance and the transmission distance shown
in FIG. 19. In FIGS. 19 and 20, the profile parameters
shown in No. 130-1 and 130-2 of FIG. 7 were used for
profile parameters of the adjacent core portions.

[0082] Similarly, FIG. 21 is a drawing showing inter-
core distance between core portions of different kinds in
case of propagating 2 modes, and transmission distance
at which cross-talk of light between propagation modes
is -30 dB. FIG. 22 is a drawing showing relationship be-
tween the inter-core distance and the transmission dis-
tance shown in FIG. 21. In FIGS. 21 and 22, the profile
parameters shown in No. 150-1 and 150-2 of FIG. 7 were
used for profile parameters of the adjacent core portions.
[0083] Furthermore, FIG. 23 is a drawing showing in-
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ter-core distance between core portions of different kinds
in case of propagating 2 modes, and transmission dis-
tance at which cross-talk of light between propagation
modes is -30 dB. FIG. 24 is a drawing showing relation-
ship between the inter-core distance and the transmis-
sion distance shown in FIG. 23. In FIGS. 23 and 24, the
profile parameters shown in No. 170-1 and 170-2 of FIG.
7 were used for profile parameters of the adjacent core
portions.

[0084] It should be noted that, in FIGS. 19 to 24, for
example, "130-1=>130-2" of FIGS. 19 and 20 indicates
that cross-talk of light of a core portion having the profile
parameters of No. 130-2 in case of inputting light into a
core portion having the profile parameters of No. 130-1
was considered.

[0085] AsshowninFIGS. 19 to 24, in case where core
portions of different kinds were adopted as the adjacent
core portions, cross-talk between LP11 modes was the
maximum. In addition, it was confirmed that, in order to
make cross-talk between LP11 modes at 100km of trans-
mission distance be -30 dB, the inter-core distance may
be approximately 50 pm to 55 um, thus it will be equal
to or smaller than 60 dB. This result indicates that, by
comparing the inter-core distances of approximately 90
pm in case of the core portions of a same kind shown in
FIGS. 13 to 18, by adopting core portions of different
kinds, the inter-core distance can be decreased by ap-
proximately 35 um to 40 wm. In addition, the outer diam-
eter of the multi-core optical fiber 100 can be decreased
by approximately 70 pum to 80 pm, it is very preferable
for practical use.

[0086] In FIGS. 19 to 24, although the adjacent core
portions are core portions of different kinds, mutual ef-
fective core areas were within 3 um2. Then, next, a case
of core portions of different kinds, in which mutual effec-
tive core areas differ by equal to or greater than 10 um?2
was calculated.

[0087] FIG.25isadrawingshowinginter-core distance
between core portions of different kinds in case of prop-
agating 2 modes, and transmission distance at which
cross-talk of light between propagation modes is -30 dB.
FIG. 26 is a drawing showing relationship between the
inter-core distance and the transmission distance shown
in FIG. 25. In FIGS. 25 and 26, the profile parameters
shown in No. 130-1 and 150-1 of FIG. 7 were used for
profile parameters of the adjacent core portions.

[0088] Similarly, FIG. 27 is a drawing showing inter-
core distance between core portions of different kinds in
case of propagating 2 modes, and transmission distance
at which cross-talk of light between propagation modes
is -30 dB. FIG. 28 is a drawing showing relationship be-
tween the inter-core distance and the transmission dis-
tance shown in FIG. 27. In FIGS. 27 and 28, the profile
parameters shown in No. 130-1 and 170-1 of FIG. 7 were
used for profile parameters of the adjacent core portions.
[0089] Furthermore, FIG. 29 is a drawing showing in-
ter-core distance between core portions of different kinds
in case of propagating 2 modes, and transmission dis-
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tance at which cross-talk of light between propagation
modes is -30 dB. FIG. 30 is a drawing showing relation-
ship between the inter-core distance and the transmis-
sion distance shown in FIG. 29. In FIGS. 29 and 30, the
profile parameters shown in No. 150-1 and 170-1 of FIG.
7 were used for profile parameters of the adjacent core
portions.

[0090] It was confirmed that, as shown in FIGS. 25 to
30, by differentiating the effective core areas of adjacent
core portions of different kinds by equal to or greater than
10 wm?2, the inter-core distance for making the cross-talk
between LP11 modes at 100km of transmission distance
be -30 dB can be further shorter as approximately equal
to or shorter than 50 wm. As described above, by differ-
entiating the effective core areas of the adjacent core
portions of different kinds by equal to or greater than 10
um?2, the inter-core distance and the outer diameter of
the multi-core optical fiber 100 can be further decreased.
[0091] It should be noted that, when disposing, for ex-
ample, 3 kinds of core portions of different kinds, 7 core
portions may be classified to the core portion 10 and a
group of the core portions 20, 40, and 60, and a group
ofthe core portions 30, 50, and 70, and profile parameters
of respective core portions may be set so that the core
portions in each group are of a same kind and the core
portions between the respective groups are of different
kinds. By doing this, since the closest adjacent core por-
tions to each other are of different kinds, the inter-core
distance can be decreased, and as aresult of that, 7 core
portions can be disposed in high density.

[0092] Next, the result of calculating cross-talk of light
between core portions of a same kind in case of propa-
gating 3 modes in the multi-core optical fiber 100 will be
explained.

[0093] FIG.31isadrawingshowinginter-core distance
between core portions of a same kind in case of propa-
gating 3 modes, and transmission distance at which
cross-talk of light between propagation modes is -30 dB.
FIG. 32 is a drawing showing relationship between the
inter-core distance and the transmission distance shown
in FIG. 31. It should be noted that the profile parameters
shown in No. 130-1 of FIG. 9 were used for profile pa-
rameters of the core portion.

[0094] FIG. 33isadrawingshowinginter-core distance
between core portions of a same kind in case of propa-
gating 3 modes, and transmission distance at which
cross-talk of light between propagation modes is -30 dB.
FIG. 34 is a drawing showing relationship between the
inter-core distance and the transmission distance shown
in FIG. 33. It should be noted that the profile parameters
shown in No. 150-1 of FIG. 9 was used for profile param-
eters of the core portion.

[0095] FIG.35isadrawingshowinginter-core distance
between core portions of a same kind in case of propa-
gating 3 modes, and transmission distance at which
cross-talk of light between propagation modes is -30 dB.
FIG. 36 is a drawing showing relationship between the
inter-core distance and the transmission distance shown
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in FIG. 35. It should be noted that the profile parameters
shown in No. 150-2 of FIG. 9 were used for profile pa-
rameters of the core portion.

[0096] AsshowninFIGS. 31 to 36, in case of 3 modes,
cross-talk between LP21 modes was great. In addition,
it was confirmed that, even if the inter-core distance was
increased to 100 wm, in case of obtaining -30 dB of cross-
talk between LP21 modes, a short transmission distance
of only approximately 100 m was obtained. In this case,
since the outer diameter of the multi-core optical fiber
100 must be equal to or greater than 300 um, there is a
problem in reliability or operability of the optical fiber.
[0097] Then, similarly to the case of 2 modes, the core
portions included in the multi-core optical fiber 100 were
made be core portions of different kinds, the inter-core
distance and the transmission distance at which cross-
talk of light between propagation modes is -30 dB were
calculated for a case of 3 modes.

[0098] FIG.37isadrawingshowing inter-core distance
between core portions of different kinds in case of prop-
agating 3 modes, and transmission distance at which
cross-talk of light between propagation modes is -30 dB.
FIG. 38 is a drawing showing relationship between the
inter-core distance and the transmission distance shown
in FIG. 37. In FIGS. 37 and 38, the profile parameters
shown in No. 150-1 and 150-2 of FIG. 9 were used for
profile parameters of adjacent core portions respectively.
[0099] Similarly, FIG. 39 is a drawing showing inter-
core distance between core portions of different kinds in
case of propagating 3 modes, and transmission distance
at which cross-talk of light between propagation modes
is -30 dB. FIG. 40 is a drawing showing relationship be-
tween the inter-core distance and the transmission dis-
tance shown in FIG. 39. In FIGS. 39 and 40, the profile
parameters shown in No. 130-1 and 150-2 of FIG. 9 were
used for profile parameters of the adjacent core portions
respectively. That is, in FIGS. 39 and 40, core portions
of different kinds, of which effective core areas differ by
equal to or greater than 10 um? with each other, were
used.

[0100] AsshowninFIGS. 37 to 40, in case of adopting
the core portions of different kinds as the adjacent core
portions, cross-talk between LP21 modes was the max-
imum. In addition, it was confirmed that, in case of FIGS.
37 and 38, in order to obtain -30 dB of cross-talk between
LP21 modes at 100km of transmission distance, the inter-
core distance may be approximately 80 um which is
equal to or shorter than 90 wm. Furthermore, it was con-
firmed that, in case of FIGS. 39 and 40, inter-core dis-
tance may be approximately 75 pm. This result indicates
that, in comparison with inter-core distance in case of the
core portions of a same kind shown in FIGS. 31 to 36,
the inter-core distance can be decreased to practical val-
ue of approximately 75 pm to 80 um by adopting the core
portions of different kinds. In addition, practically, it is
very preferable that the outer diameter of the multi-core
optical fiber 100 can be shorter than 300 pm.

[0101] Asdescribed above, the inter-core distance can
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be decreased to a great extent by making adjacent core
portions be core portions of different kinds.

[0102] It should be noted that, in case of making the
adjacent core portions be core portions of different kinds,
itis preferable to set profile parameters of each core por-
tion so that difference of effective refractive indices of
propagation modes of which cross-talk of light between
adjacent core portions of different kinds is equal to or
greater than 0.00005, and more preferably, equal to or
greater than 0.00015. The propagation mode of which
cross-talk of light is the maximum is, for example, a com-
bination of LP11 modes in case of the above-described
2 modes. In case of 3 modes, it is, for example, a com-
bination of LP21 modes.

[0103] FIG. 41 is a drawing showing, in case of prop-
agating in 2 modes, relationship between difference of
effective refractive indices n between adjacent core
portions and inter-core distance in case that cross-talk
of light between propagation modes is -30 dB at trans-
mission distance of 100km. It should be noted that FIG.
41 is based on data shown in FIGS. 13 to 30.

[0104] As shown in FIG. 41, it is possible to decrease
necessary inter-core distance to a great extent by making
the difference of effective refractive indices n4 be equal
to or greater than 0.00005, and is possible to decrease
the inter-core distance further by making the difference
of effective refractive index ngs be equal to or greater
than 0.00015. It should be noted that the case of 3-mode
propagation was examined similarly. As a result, also in
the case of 3-modes propagation, it was confirmed to be
able to decrease necessary inter-core distance to a great
extent by setting each profile parameter of core portions
of different kinds so that effective refractive indices of
LP21 modes which are a propagation mode of which
cross-talk of light is the greatest has difference by equal
to or greater than 0.00005, and more preferably, equal
to or greater than 0.00015.

[0105] Next, a 7-core-type multi-core optical fiber was
produced for propagating 2 modes of LPO1 mode and
LP11 mode. At first, an optical fiber preform was pro-
duced in which A1 is 0.332%, A2 is-0.084%, and Ra is
1.92 in the structure of the multi-core optical fiber of the
embodiment 1. In the case of these A1, A2, and Ra, the
diameter 2a of the center core portion, for making effec-
tive core area A4 of LPO1 mode is 170 um2, is 17.0 um.
Then, when conducting simulation calculation where 2a
is set at 17.0 um, characteristics shown in FIG. 42 were
obtained at wavelength of 1550 nm.

[0106] Before producing the multi-core optical fiber, a
single-core optical fiber having a core portion in the vi-
cinity of the center axis of the optical fiber was produced
by using a part of the above-produced optical fiber pre-
form. The diameter of cladding of the produced single-
core optical fiber was 125 pm, and the length was 1.5
km. FIG. 43 is a drawing showing optical characteristics
of LPO1 mode and LP11 mode at wavelength of 1550
nm of the produced single-core optical fiber. The optical
characteristics shown in FIG. 43 were similar to the char-
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acteristics of FIG. 42 obtained by simulation calculation.
The produced multi-core optical fiber was wound around
a bobbin of which the bending radius is R= 140 mm with
60 gf (gram weight) of tension, and optical characteristics
were evaluated.

[0107] Excitation of LPO1 mode was conducted by
making light at wavelength of 1550 nm incident by a high-
ly non-linear optical fiber (Ag4=13 pm?2) of which a center
is aligned with the center of a core portion. Excitation of
LP11 mode was conducted by shifting the center of the
same highly non-linear optical fiber from the center of the
core portion and making light incident. The change in
excitation field when alignment position (shift amount)
was changed is shown in FIG. 44. The horizontal axis
shows the position from the center of the core portion.
The reason for using 6 wm shift for exciting LP11 mode
as shown in FIG. 44 is the result of considering balance
between mode separation and coupling efficiency (re-
ceived optical power). That is, if the shift amountis 6 pum,
separation of 2 modes is sufficient, and coupling efficien-
cy to LP11 mode or received optical power when meas-
uring is sufficient.

[0108] FIG. 45 is a drawing showing relationship be-
tween cross-talk XT (inter-core cross-talk) of light of LP01
mode and light of LP11 mode in one core portion and
shift amount. It should be noted that intra-core cross-talk
is cross-talk in a same core between center power of the
core in state that optical field is made incident into the
center, and power of light transmitted from the center of
the core to the center of the shifted position. In the fol-
lowing, values are used for intra-core cross-talk in case
where shift amount is 6 wm. Therefore, the intra-core
cross-talk between light of LPO1 mode and light of LP11
mode of the produced single-core optical fiber was-11.32
dB.

[0109] Next, design of a multi-core optical fiber was
conducted by using the parameters shown in FIG. 42,
based on mode-coupling theory taking bending into ac-
count. FIG. 46 is a cross section schematically showing
a multi-core optical fiber used for design. The multi-core
optical fiber 100B is obtained by forming resin coating 90
on a multi-core optical fiber 100A in which a marker 81
for specifying core portions is formed in the cladding por-
tion 80 of the multi-core optical fiber 100 shown in FIG.
1. Cladding thickness (Tclad) was set at 59.5 um which
is substantially equivalent to that of a conventional optical
fiber, and target cladding diameter was set at 245 pm
and coating diameter was set at 380 pm.

[0110] Atfirst, when calculation was conducted without
taking bending into account by power-coupling theory, it
was found that interference between LP01 mode and
LP11 mode (LPO1-LP11 interference) is smaller than
LP01-LPO1 interference or LP11-LP11 interference to a
great extent. So it was decided to examine only cross-
talk by the LP01-LP01 interference and the LP11-LP11
interference in detail. The result of examining relationship
between the inter-core distance A (see FIG. 46) and
transmission distance L (length of a multi-core optical

10

15

20

25

30

35

40

45

50

55

14

fiber of which cross-talk between adjacent 2 cores is -30
dB) by changing bending radius from 20 mm to 140 mm
is shown in FIGS. 47 and 49. In FIG. 49, R is the bending
radius. It was found from FIG. 47 that necessary inter-
core distance for making transmission distance be
100,000km (1.0E+5km) is determined by LP1-LP11 in-
terference and it is approximately 63 wm. In addition, it
was found that necessary inter-core distance for 10,000
km (1.0E+4km) of transmission distance is approximate-
ly 60 wm. In addition, the result of simulation for relation-
ship between inter-core distance A and transmission dis-
tance L of the worst value of cross-talk (value of cross-
talk in case where the center core portion is affected by
interference from all of other six core portions therea-
round) is shown in FIGS. 48 and 50. It should be noted
that, in FIG. 48, bending radius is 140 mm. In case of
FIGS. 48 and 50, if the inter-core distance is set at 63
wm, it is possible to make the transmission distance be
50,000 km. In addition, if the inter-core distance is set at
60 wm, it is possible to make the transmission distance
be 2,500 km. In addition, since good cross-talk was ob-
tained even when the bending radius was equal to or
smaller than 180 mm, it is considered that the cross-talk
is of good value without problem even if this multi-core
optical fiber is made to a state of an optical cable for
practical use and bending is applied at that time.

[0111] It should be noted that FIG. 51 is a drawing
showing relationship between the length of the optical
fiber and cross-talk. FIG. 51 shows values (theoretical
values) of cross-talk for LP01-LP01 interference and
LP11-LP11 interference between adjacent core portions
(for example, the core portion 10 and the core portion 60
in FIGS. 1 and 46) and values (theoretical values) of
cross-talk for LP01-LP0O1 interference and LP11-LP11
interference between core portions adjacent at the sec-
ond closest distance (secondly adjacent) (for example,
the core portion 40 and the core portion 60, and the core
portion 40 and the core portion20 etc. in FIG. 1). For
example, in case where the length of the optical fiber is
10,000 km, secondly adjacent cross-talk is equal to or
smaller than -120 dB, which is sufficiently ignorably small
amount. In addition, adjacent cross-talk is approximately
-70 dB when the length is 1 km and approximately -50
dB when the length is 100 km.

[0112] A multi-core optical fiber in configuration shown
in FIG. 46 was produced with reference to the above-
described simulation result. FIG. 52 is a drawing showing
cross section of the produced multi-core optical fiber. The
inter-core distance of the produced multi-core optical fib-
er was approximately 60.5 pm to 62.5 um. In addition,
the fiber diameter (cladding diameter) of 1.0 km of the
multi-core optical fiber was 240 to 245 um in lengthwise.
The produced multi-core optical fiber was wound around
abobbin having an R=140 mm with 30 gf of tension which
is a converted value with respect to 125 pum of fiber di-
ameter, and optical characteristics were evaluated.
[0113] Similarly to the case of FIG. 44, excitation of
LP01 mode was conducted by making light at wavelength
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of 1550 nm of which a center is aligned with the center
of each core portion incident by a highly non-linear optical
fiber (Agz=13 wm2). Excitation of LP11 mode was con-
ducted by shifting the center of the highly non-linear op-
tical fiber from the center of each core and making light
incident. The change in excitation field when alignment
position (shift amount) was changed is shown in FIG. 53.
The horizontal axis shows the position from the center
of the core portion.

[0114] FIG. 54 is a drawing showing the result of eval-
uating characteristics of Core 1 to Core 7 (see FIG. 52).
Ag¢Was approximately 170 to 190 pm? (LP01 mode) and
approximately 270-281 um?2 (LP11 mode), and shows
similar tendency with the simulation shown in FIG. 42.
Bending loss was equal to or smaller than 0.4dB/m at
LPO1 mode and was equal to or smaller than 2.0 dB/m
at LP11 mode, which were sufficiently small values.
Transmission loss at wavelength of 1550 nm was ap-
proximately 1.2 dB/km (LP01 mode), approximately 1.0
dB/km (LP11 mode) [Core1], approximately 1.7 dB/km
(LPO1 mode), and 1.3dB/km (LP11 mode) [Core2]. In
addition, when choromatic dispersion of only the center
core portion (Core 1) was measured, it was 23.03
ps/nm/km at LPO1 mode and was 24.96 ps/nm/km at
LP11 mode.

[0115] Subsequently, intra-core cross-talk (XT) char-
acteristics in case of R=140 was measured by using a
measurement system shown in FIG. 55. In FIG. 55, ref-
erence sign 200 indicates a multi-core optical fiber to be
measured, reference sign 1 indicates a light source at
wavelength of 1550 nm, reference signs 2 and 3 indicate
highly non-linear optical fibers, and reference sign 4 in-
dicates a power meter. The cross-talk of LPO1-LP01 in-
terference was measured by making light from the light
source 1 (Core 1 LP01 of light shown with reference sign
L1 in the drawing) incident to the center of the Core 1
and taking the ratio of power (P4_y¢) of light outputted
from the center of the Core 1 (Core 1 LP01 of light shown
with the reference sign L2) relative to power (P5_yq) of
light outputted from the center of the Core 2 (Core 2
LPO1). The cross-talk of LP11-LP11 interference was
measured by taking ratio of power (P1-11, P2-11) of light
(Core 1 LP11, Core 2 LP11) outputted from positions
shifted by 6 um from the centers of the Core 1 and the
Core 2 when making light (Core 1 LP11) incident to the
Core 1 while setting the shift amount of the highly non-
linear optical fiber 2 at 6 um. In addition, the cross-talk
of LP01-LP11 interference was also measured by making
light incident to the center of the Core 1 and taking the
ratio of power of light outputted from the center of the
Core 1 relative to power of light outputted from the posi-
tion, shifted by 6 um, of the Core 2.

[0116] It should be noted that the light from the light
source 1 was made incident by spatial injection.

[0117] The result of measuring cross-talk, after prop-
agating 1.0 km, when the length of the multi-core optical
fiber 200 is 1.0 km is shown in FIG. 56. As clearly shown
in FIG. 56, the obtained value of cross-talk of LP11-LP11
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interference is approximately -57 dB, which is sufficiently
small. In addition, for the cross-talk of LP01-LP01 inter-
ference and cross-talk of LP01-LP11 interference, values
close to measurement limit of the optical power meter 4
were obtained, and it is considered that actual cross-talk
is a further small value. As described above, it was con-
firmed that cross-talk of the multi-core optical fiber 200
is a value which is sufficiently small at any propagation
mode.

[0118] Furthermore, inter-core cross-talk characteris-
tics and intra-core cross-talk characteristics, in case
where winding tension is 30 gf or 60gf which are convert-
ed values with respect to 125 um of fiber diameter and
its bending diameter is R=140 mm, were measured by
using the measurement system shown in FIG. 55. Sim-
ilarly to the case of FIG. 56, cross-talk after propagating
1.0 km in case where the length of the multi-core optical
fiber 200 is 1.0 km was measured.

[0119] However, the light from the light source 1 was
subjected to not spatial injection but direct injection. As
described above, it is possible to obtain more stable
measurement result not by spatial injection but direct in-
jection. Therefore, in measurement hereinafter adopts
direct injection.

[0120] FIG.57is adrawing showing the resultof meas-
uring cross-talk. In FIG. 57, inter-core cross-talk of inter-
ference of LP01 of the Core 1 and LP01 mode of Core 2
in case where winding tension is, for example, 30 df is
-63.3 dB. In addition, for example, "Within Core 1" means
intra-core cross-talk of LP01-LP11 interference of the
Core 1, and its value is -9.3 dB.

[0121] As shown in FIG. 57, inter-core cross-talk was
small, i.e., equal to or smaller than -50dB in any case. In
addition, intra-core cross-talk of the Core 1in case where
winding tension was 30 gf was -9.3 dB and intra-core
cross-talk of the Core 1 and the Core 2 in case where
winding tension was 60 gf were -2.0 dB and -4.4 dB re-
spectively.

(Embodiment 2)

[0122] FIG. 58 is a cross section schematically show-
ing a multi-core optical fiber according to an embodiment
2. As shown in FIG. 58, a multi-core optical fiber 300
includes 19 core portions 310 and a cladding portion 380
positioned at outer periphery of each core portion 310,
and is a 19-core-type of multi-core optical fiber.

[0123] The 19 core portions 310 are arranged in trian-
gular lattice form, and one of them is positioned in the
vicinity of the center axis of the multi-core optical fiber
300, and the other core portions are disposed to form
dual concentric hexagons with respect to the center axis.
In addition, the core portion 310 includes a center core
portion 301 and an outer periphery core portion 302
formed at an outer periphery of the center core portion
301. Materials of the center core portion 301, the outer
periphery core portion 302, and the cladding portion 380
are similar to materials of elements constituting the multi-
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core optical fiber 100 according to the embodiment 1. In
addition, a marker 381 for specifying the core portions
310 is formed at the cladding portion 380. In addition, A1
is distance between adjacent core portions 310 and A2
is distance between secondly adjacent core portions 310.
[0124] Similarly to the multi-core optical fiber 100, in
this multi-core optical fiber 300, the refractive index of
the outer periphery core portion 302 is lower than the
refractive index of the cladding portion 380, and as shown
in FIGS. 2 and 3, a so-called W-shaped refractive index
profile are obtained. The refractive index profile of the
core portion 310 can be set similarly to the refractive in-
dex profile of the core portion 10 of the multi-core optical
fiber 100, and is set so that light is propagated only at
predetermined number of, i.e., equal to or greater than
2 of propagation modes and the effective core area at
wavelength of 1550 nm at each propagation mode is
equal to or greater than 120 um?2.

[0125] For example, if relative refractive index differ-
ence A1 of the center core portion 301 relative to the
cladding portion 380 is 0.2% to 0.5%, relative refractive
index difference A2 of the outer periphery core portion
302 relative to the cladding portion 380 is equal to or
greater than -0.5% and is smaller than 0%, the diameter
2a of the center core portion is 14 pm to 19 um, and Ra
which is ratio of outer diameter 2b of the outer periphery
core portion relative to diameter 2a of the center core
portion is greater than 1 and equal to or smaller than 4,
characteristics that can realize 2- or 3-mode propagation
and that are good from a view point of A, bending loss
and leakage loss are obtained similarly to the embodi-
ment 1. Furthermore, it is preferable that the outer diam-
eter 2b of the outer periphery core portion is 30 um to 70
pm.

[0126] Next, a 19-core-type multi-core optical fiber for
propagating 2 modes of LPO1 mode and LP11 mode was
produced similarly to the case of 7-core-type multi-core
optical fiber. At first, an optical fiber preform, of which A1
is 0.332%, A2 is -0.084%, and Ra is 1.92 in the structure
of the multi-core optical fiber configured for the embodi-
ment 2, was produced. In case of these A1, A2, and Ra,
the diameter 2a of the center core portion by which the
170 uwmZ of the effective core area A4 at LP01 mode is
obtained is 17.0 pm. So simulation calculation was con-
ducted by setting 2a at 17.0 um, thereby characteristics
similar to the characteristics shown in FIG. 42 were ob-
tained at wavelength of 1550 nm.

[0127] Next, design for a multi-core optical fiber was
conducted by using the parameters shownin FIG. 42 and
based on mode-coupling theory which takes bending into
account. As targets, the cladding diameter was set at 440
pm and the coating diameter was set at 530 um. In ad-
dition, the inter-core distance was designed to be 60 pm.
[0128] FIG. 59 is a drawing showing cross section of
the produced multi-core optical fiber. The length of the
produced multi-core optical fiber was 120 m. In addition,
when measuring at 36 points in the longitudinal direction,
the average of the inter-core distance was approximately
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60.7 pm and standard deviation was approximately 1.67
pm. In addition, the variation of fiber diameter (cladding
diameter) in the longitudinal direction was approximately
430 to 445 pm. The produced multi-core optical fiber was
wound around a bobbin of R=140 mm with 10 gf of tension
and optical characteristics at wavelength of 1550 nm
were evaluated.

[0129] FIG. 60 is a drawing showing the result of eval-
uating characteristics of Cores 1, 2, 8, 9, and 19 (see
FIG. 59). It should be noted that bending loss shown in
FIG. 60 is macrobending loss when bending at 30 mm
of bending diameter. As shown in FIG. 60, both the bend-
ing loss and the A were values greater than the values
for the 7-core-type shown in FIG. 54 and were values to
the extent of no problem for practical use. In addition,
transmission loss in case where the multi-core optical
fiber was put in linear shape was 1 to 2 dB/km for each
core portion shown in FIG. 60.

[0130] Next, inter-core cross-talks of respective Core
1-Core 2, Core 2-Core 8, and Core 1-Core 19, and intra-
core cross-talks of the Core 1, Core 2, and the Core 8
were measured.

[0131] FIG.61isadrawing showing the resultof meas-
uring cross-talk.

[0132] In FIG. 61, for example, the inter-core cross-
talk of interference between LP0O1 mode of the Core 1
and LP0O1 mode of the Core 2 is -65.1 dB. The inter-core
cross-talk of interference between LP01 mode of the
Core 2 and LP11 mode of the Core 8 is -59.0 dB. In
addition, for example, "Intra Core XT" indicates intra-core
cross-talk, and forexample, intra-core cross-talk of LP0O1-
LP11 interference of the Core 1 is -4.5 dB. Inter-core
cross-talks shown in FIG. 61 and converted to values in
case where length is approximately 10 km by using the-
oretical formula of FIG. 51 were equal to or smaller than
-30 dB. Therefore, it is considered that an optical signal
can be transmitted at least by 10 km of distance with
equal to or smaller than - 30 dB of cross-talk by using
this multi-core optical fiber.

[0133] FIG. 62 is a drawing showing field distributions
of light of LPO1 mode and LP11 mode in the above-pro-
duced single-core optical fiber, 7-core-type multi-core
optical fiber, and 19-core-type multi-core optical fiber.
These field distributions indicate field distributions of light
after propagating 2m in each of the produced optical fib-
ers.

[0134] It should be noted that, in each of the above-
described multi-core optical fibers, 2 polarization modes
are degenerated in LP01 mode of each core portion, four
polarization modes are degenerated in LP11 mode and
LP21 mode respectively, The above-described calcula-
tion is conducted by selecting one polarization mode from
2 or four degenerated modes. However, optical charac-
teristics of the degenerated polarization modes are sub-
stantially the same. Therefore, since the above-de-
scribed calculation results can be applied to other de-
generated polarization modes, an optical fiber suitable
for a transmission method making use of not only mode
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multiplexing but also polarization mode-multiplexing can
be realized by making use of these calculation results.
[0135] In addition, in the above-described embodi-
ments, propagation modes are LP01 mode and LP11
mode in case of 2 modes, and LP01 mode, LP11 mode,
and LP21 modein case of 3 modes. However, the present
invention is not limited to this, and may be a multi-core
optical fiber which can propagate light only by the desir-
able number of propagation modes.

[0136] Inaddition, although respective refractive index
profiles inthe core portionis W-shaped formin the above-
described embodiments, refractive index profile of the
multi-core optical fiber according to the present invention
is not limited to this, and any refractive index profile such
as single-peaked profile, step-shaped profile, segment-
core-type profile, trench-type profile, W + side-core-type
profile, and ring-shaped profile, etc. can be used. Here-
inafter a multi-core optical fiber according to the embod-
iment 3 will be explained in which the core portion of the
multi-core optical fiber of the embodiment 1 is made
trench-shaped form of refractive index profile.

(Embodiment 3)

[0137] FIG. 63 is a drawing showing trench-type of re-
fractive index profile of a multi-core optical fiber according
to an embodiment 3. A core portion is formed by a center
core portion, an inner periphery core layer formed at an
outer periphery of the center core portion, and an outer
periphery core layer formed at an outer periphery of the
inner periphery core layer. An area P4 shows refractive
index profile of the center core portion. An area P5 shows
refractive index profile of the inner periphery core layer.
An area P6 shows refractive index profile of the outer
periphery core layer. An area P7 shows refractive index
profile of the cladding portion.

[0138] Herein the relative refractive index difference of
the center core portion relative to the cladding portion is
A1 the relative refractive index difference of the inner
periphery core layer relative to the cladding portion is A2,
and the relative refractive index difference of the outer
periphery core layer relative to the cladding portion is A3.
The relative refractive index differences A1, A2, and A3
are defined by the following formulae (4), (5), and (6):

A1={(n1-nc)/nc}x100 [%] *-- (4)

A2={(n2-1n¢)/nc}x100 [%] - -+ (5)

A3={(n3-n)/n} X100 [%] -+ (6)

[0139] where n, indicates the maximum refractive in-
dex of the center core portion, n, indicates refractive in-
dex of the inner periphery core layer, n; indicates refrac-
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tive index of the outer periphery core layer, and n_ indi-
cates refractive index of the cladding portion. As above-
described, since it is approximately n,=n., A2 is approx-
imately 0%. It should be noted that approximately 0%
means -0.05% to 0.05% which does not affect optical
characteristics such as A etc. to a great extent. For
example, n is equal to refractive index ng of silica glass
(1.44439 at wavelength of 1550 nm).

[0140] In addition, as shown in FIG. 63, the diameter
of the center core portion is indicated by 2a, the outer
diameter of the inner periphery core layer is indicated by
2b, and the outer diameter of the outer periphery core
layer is indicated by 2c. In addition, Ra2 indicates the
ratio b/a of the outer diameter 2b of the inner periphery
core layer relative to the diameter 2a of the center core
portion. Ra3 indicates the ratio c/a of the outer diameter
2c of the outer periphery core layer relative to the diam-
eter 2a of the center core portion. The diameter 2a of the
center core portion is diameter at the position where rel-
ative refractive index difference A1 is 0% at a boarder of
the center core portion and the inner periphery core layer.
In addition, the outer diameter 2b of the inner periphery
core layer is diameter at the position where relative re-
fractive index difference is 0% at a boarder of the inner
periphery core layer and the outer periphery core layer.
In addition, the outer diameter 2c of the outer periphery
core layer is diameter at the position where the value of
relative refractive index difference is 1/2 of the relative
refractive index difference A3 at a boarder of the outer
periphery core layer and the cladding portion.

[0141] Herein effective refractive index of LPO1 mode
which is fundamental propagation mode of the multi-core
optical fiber according to the embodiment 3 is ng¢ (LP0O1)
and effective refractive index of LP11 mode which is first
higher-order propagation mode is ¢ (LP11). The optical
fiber is configured so that, An which is the difference be-
tween ng (LP11) and refractive index n; of the cladding
portion is equal to or greater than 0.0005.

[0142] As described above, in the multi-core optical
fiber according to the embodiment 3, effective refractive
index ng (LP11) of LP11 mode which is first higher-order
propagation mode is made greater than refractive index
n; of the cladding portion 12 by equal to or greater than
0.0005. By doing this, in the multi-core optical fiber, as
characteristics at wavelength of 1550 nm, the effective
core area of LP01 mode is large as equal to or greater
than 120 um2 and effective core area of LP11 mode is
large as equal to or greater than 170 pmZ2, and bending
losses of both LP01 mode and LP11 mode decreases.
[0143] Itshould be noted that, in order to make ng (LP
11) be greater than n; by equal to or greater than 0.0005,
for example, A1 may be 0.25%, A3 may be -0.3%, and
2a, 2b, and 2¢c may be 15.5 pm, 31.0 um, and 46.5 pm
respectively (that is, Ra2 may be 2 and Ra3 may be 3).
By setting structural parameters of the multi-core optical
fiber according to the embodiment 3 in this way, n
(LP11) is 1.446833, which is greater than n, (1.44439)
by equal to or greater than 0.0005. In this state, as char-
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acteristics at wavelength of 1550 nm, effective core area
of LP01 mode is 170.49 pm2, bending loss is 1.74 X
10-3dB/m, effective core areaof LP11 mode is 289.3 um2,
and bending loss is 4.74%x10-1dB/m, desirable charac-
teristics can be obtained.

[0144] In addition, in case of setting structural param-
eters of the multi-core optical fiber according to the
present embodiment 3 in the above-described values,
effective refractive index ngs (LP21) at wavelength of
1550 nm of LP21 which is second higher-order propaga-
tion mode is 1.443498 which is smaller than refractive
index of silica glass (1.44439). As a result, in the multi-
core optical fiber, at wavelength of 1550 nm, LP21 mode
becomes leaky mode, and only 2 modes of LP01 mode
and LP11 mode having less interference become prop-
agation modes.

[0145] As described above, in the multi-core optical
fiber according to the present embodiment 3, regarding
LP01 mode and LP11 mode to be used, effective core
area is great, bending loss is small, and interference be-
tween the respective propagation modes is very little.
[0146] Next, preferable design for the multi-core opti-
cal fiber according to the present embodiment 3 will be
explained more specifically with reference to calculation
result using simulation by finite element method.

[0147] FIG. 64 is a drawing showing structural param-
eters and optical characteristics in case where the effec-
tive core area of LPO1 mode is set in the vicinity of 130
um?2. FIG. 65 is a drawing showing structural parameters
and optical characteristics in case where the effective
core area of LP01 mode is set in the vicinity of 150 pm?2.
FIGS. 66 to 68 are drawings showing structural param-
eters and optical characteristics in case where the effec-
tive core area of LPO1 mode is set in the vicinity of 170
wm?2. In each drawing, optical characteristics are values
at wavelength of 1550 nm.

[0148] Asshownin FIGS. 64 to 68, if relative refractive
index difference A1 is equal to or greater than 0.20%,
relative refractive index difference A3 is equal to or great-
er than -0,5% and smaller than 0%, the diameter 2a of
the center core portion is equal to or greater than 12.0
pm and equal to or smaller than 18.0 um, ratio Ra2 is
greater than 1 and equal to or smaller than 4, and ratio
Ra3 is equal to or greater than 2 and equal to or smaller
than 5, an optical fiber, in which effective core area of
LP01 mode is equal to or greater than 120 um?2, effective
core area of LP11 mode is equal to or greater than 170
wm2, and bending loss is small at each propagation
mode, can be realized. It should be noted that, regarding
bending loss, a combination of structural parameters can
be selected so that bending loss of LP11 mode is equal
to or smaller than 100 dB/m.

[0149] In addition, it is preferable to further increase
ngs Of LP11 mode, preferably greater than n. by equal to
or greater than 0.0010 (that is, ngs (LP11)=1.44539 or
greater), and more preferably greater than n; by equal
to or greater than 0.0016 (that is, ngs (LP11)=1.44599 or
greater). Such ng can be realized by, for example, set-

10

15

20

25

30

35

40

45

50

55

18

ting A1 by equal to or greaterthan 0.25%, more preferably
by equal to or greater than 0.3%.

[0150] On the other hand, ng; of LP21 mode can be
smaller than refractive index of silica glass (1.44439 at
1550 nm) by making A1 be smaller than 0.35%. By mak-
ing A1 be smaller than 0.35%, optical transmission by 2
modes of LP01 mode and LP11 mode is possible. In con-
trast, although A1 is 0.35% in No. 170-31 to No 170-35
of FIG. 31, ng; of LP21 mode is 1.444713 to 1.444726,
which is greater than 1.44439.

[0151] Next, a case where structural parameters are
set as shown in No. 170-3 of FIG. 66 will be explained in
which A1=0.25%, Ra2=2, Ra3=3, A3=-0.3%, 2a=15.5
pm, 2b=31.0 um, and 2c=46.5 pm.

[0152] FIGS. 69 to 74 are drawings showing relation-
ship between inter-core distance and transmission dis-
tance at which cross-talk between 2 adjacent cores is
-30 dB in case of changing bending radius R within a
range of 20 mm to 180 mm. It should be noted that, since
LP01-LP11 interference was found to be very small,
cross-talk characteristics between LP01-LP01 interfer-
ence and LP11-LP11 interference are examined in detail.
As shown in FIGS. 69 to 74, at any bending radius, LP11-
LP11 interference was a factor limiting transmission dis-
tance. In addition, it was found that, in order to obtain
100,000km of transmission distance at which cross-talk
becomes -30 dB, inter-core distance must be 50 pum to
52 pm, and in order to obtain 10,000 km of the transmis-
sion distance, inter-core distance must be 48 um to 50
pm.

[0153] It should be noted that, although the inter-core
distance s of a case of adopting the structural parameters
shown in No. 170-3 of FIG. 66, for a case adopting other
structural parameters, transmission distance at which
cross-talk becomes -30 dB can be made 100,000km,
10,000 km, or other desirable distances by setting inter-
core distance appropriately.

[0154] In addition, the trench-type profile of the em-
bodiment 3 can be applied to the 19-core-type of multi-
core optical fiber of the embodiment 2.

(Embodiment 4)

[0155] FIG. 75 is a schematic view of an optical trans-
mission system according to an embodiment4. As shown
in FIG. 75, an optical transmission system 400A has a
configuration in which the plurality of multi-core optical
fibers 100 as optical transmission paths according to the
embodiment 1 and a plurality of multi-core optical ampli-
fiers 430A are connected alternately between an optical
transmitting device 420 and an optical receiving device
440.

[0156] The optical transmitting device 420 includes a
plurality of optical transmitters (TXs) having light sources
such as semiconductor lasers and outputs signal lights
for LPO1 mode transmission and signal lights for LP11
mode transmission. Each signal light is mode-multi-
plexed and inputted into each core portion of the multi-
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core optical fiber 100. The multi-core optical fiber 100
transmits the inputted mode-multiplexed signal lights.
[0157] The multi-core optical amplifier 430A optically
amplifies the signal lights transmitted by the multi-core
optical fiber 100 and compensates for its transmission
loss. For the multi-core optical amplifier 430A, an optical
fiber amplifier such as, for example, an erbium-doped
optical fiber amplifier or a Raman amplifier, in which an
amplification optical fiber is configured by a multi-core
optical fiber can be used. Each core portion of the am-
plification multi-core optical fiber is configured so that
mode-multiplexed signal light can be amplified. Alterna-
tively, the multi-core optical amplifier 430A may be con-
figured in which the mode-multiplexed signal lights trans-
mitted through each core portion of the multi-core optical
fiber 100 are multiplexed to one optical fiber by an optical
fiber bundle etc. and it is amplified by an optical fiber
amplifier using an amplification optical fiber having one
core portion. In addition, the multi-core optical amplifier
430A may be configured by a semiconductor optical am-
plifier.

[0158] Since, inthis optical transmission system 400A,
the multi-core optical fibers 100 are cascade-connected
by the multi-core optical amplifiers 430A as optical re-
peaters, it is preferable for realizing more long-haul op-
tical transmission.

(Embodiment 5)

[0159] FIG. 76 is a schematic view of an optical trans-
mission system according to anembodiment 5. As shown
in FIG. 76, an optical transmission system 400B is an
optical transmission system in which the multi-core opti-
cal amplifiers 430A in the optical transmission system
400A shown in FIG. 76 are replaced with multi-core op-
tical amplifiers 430B.

[0160] The multi-core optical amplifier 430B includes
an optical connector 431, an optical amplification unit
432, and an optical connector 433. The optical amplifi-
cation unit 432 includes 3 optical fiber amplifiers such as,
for example, rare-earth-doped optical fiber amplifiers or
Raman amplifiers in which amplification optical fibers are
configured by multi-core optical fibers. The amplification
multi-core optical fiber of each optical fiber amplifier is
configured so that mode-multiplexed WDM (Wavelength
Division Multiplexing) signal light at S band (1.46 pm to
1.53 pm), C band (1.53 pm to 1.565 pm), and L band
(1.565 pm to 1.625 um) can be amplified respectively.
The optical connector 431 is configured so that signal
lights transmitted through the multi-core optical fiber 100
are inputted to the optical fiber amplifier for each band in
the optical amplification unit 432 per S-band, C-band,
and L-band. The optical connector 433 is configured so
that WDM signal light of each band amplified by each
optical fiber amplifier in the optical amplification unit 432
is inputted to the core portion, corresponding to each
WDM signal light, of the multi-core optical fiber 100.
[0161] In the optical transmission system 400B, wide-
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bandwidth WDM signal lightis transmitted by spatial-mul-
tiplexing and mode-multiplexing by using the multi-core
optical fiber 100 capable of propagating 2 modes. Since
the optical transmission system 400B can realize wave-
length-multiplexing, spatial-multiplexing, and mode-mul-
tiplexing transmission in wide-bandwidth, an optical
transmission system with extremely great transmission
capacity can be realized. In addition, since the WDM sig-
nal lightis divided to 3 bands and the divided WDM signal
light is amplified by the optical amplifier suitable for am-
plifying each band in the optical transmission system
400B, an optical transmission system with better trans-
mission quality can be realized.

[0162] It should be noted that, although the optical
transmission system of the above-described embodi-
ments include an optical amplifier, in case where the
transmission distance is short, an optical amplifier is not
always necessary.

[0163] Inaddition, since there is a case where bending
radius or winding tension of a multi-core optical fiber af-
fects inter- or intra-core-cross-talk as above described,
the bending radius or the winding tension may be adjust-
ed to fine-tune cross-talk.

[0164] In addition, although, in the above-described
embodiments, the cladding portion is made from pure
silica glass, the center core portion may be made from
pure silica glass, and the outer periphery core portion
and the cladding portion may be made from silica glass
including dopant lowering refractive index, for example.
In addition, although, in the above-described embodi-
ments, the multi-core optical fiber is made from silica-
based glass material, constituent material for the multi-
core optical fiber according to the present invention is
not limited to this, and optical material capable of consti-
tuting an optical fiber such as other glass material or plas-
tic material can be used appropriately.

[0165] In addition, for wavelength of light propagating
in the multi-core optical fiber according to the present
invention, wavelength band including 1550 nm or wave-
length band of, for example, 1300 nm to 1600 nm used
as signal light for optical fiber communication can be
used.

Industrial Applicability

[0166] As described above, the multi-core optical fiber
and the optical transmission system according to the
present invention are suitable for use in optical commu-
nication.

Reference Signs List
[0167]
1 light source
2, 3 highly non-linear optical fiber

4 optical power meter
10, 20, 30, 40, 50, 60, 70, 310 core portion
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11, 21, 31, 41, 51, 61, 71, 301 center core portion
12,22, 32, 42,52, 62, 72, 302 outer periphery core
portion

80,380 cladding portion

81, 381 marker

90 coating

100, 100A, 100B, 200, 300 multi-core optical fiber
400A, 400B optical transmission system

420 optical transmitting device

430A, 430B multi-core optical amplifier

431, 433 optical connector

432 optical amplification unit

440 optical receiving device

A, P1to P7 area

Claims

1. A multi-core optical fiber (100) comprising:

a plurality of core portions (10, 20, 30, 40, 50,
60, 70); and

a cladding portion (80) positioned at outer pe-
ripheries of the plurality of core portions, the
cladding portion having a refractive index lower
than a maximum refractive index of each of the
core portions, wherein

each of the core portions consists of a center
core portion (11, 21, 31, 41, 51, 61, 71) having
the maximum refractive index, and an outer pe-
riphery core portion (12, 22, 32, 42, 52, 62, 72)
formed at an outer periphery of the center core
portion and having refractive index which is low-
er than the refractive index of the cladding por-
tion,

a relative refractive index difference A1 of the
center core portion relative to the cladding por-
tion is 0.2% to 0.5%, a relative refractive index
difference A2 of the outer periphery core portion
relative to the cladding portion is equal to or
greater than -0.5% and lower than 0%, a diam-
eter of the center core portion is 14 um to 19
pm, and a ratio of an outer diameter of the outer
periphery core portion relative to the diameter
of the center core portion is greater than 1 and
equal to or lower than 4,

a separation distance between each of the core
portions and adjacent one of the core portions
is equal to or shorter than 100 um,

each of the core portions propagates light only
with predetermined number, which is equal to
or greater than 2, of propagation modes,

an effective core area at wavelength of 1550 nm
of each of the propagation modes is equal to or
greater than 120 umZ2,and

a cross-talk of light at wavelength of 1550 nm
between the respective propagation modes be-
tween the respective core portions is equal to or
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lower than -30.0 dB per 100 km of a propagation
distance.

2. A multi-core optical fiber comprising:

a plurality of core portions; and

a cladding portion positioned at outer peripher-
ies of the plurality of core portions, the cladding
portion having a refractive index lower than a
maximum refractive index of each of the core
portions, wherein

each of the core portion consists of a center core
portion having the maximum refractive index, an
inner periphery core layer formed at an outer
periphery of the center core portion and having
a refractive index which is approximately equal
to the refractive index of the cladding portion,
and an outer periphery core portion formed at
an outer periphery of the inner periphery core
layer and having arefractive index which is lower
than the refractive index of the cladding portion,
a relative refractive index difference A1 of the
center core portion relative to the cladding por-
tion is equal to or greater than 0.20% and lower
than 0.35%, a relative refractive index difference
A3 of the outer periphery core portion relative to
the cladding portion is equal to or greater than
-0.5% and lower than 0%, a diameter of the cent-
er core portion is equal to or greater than 12.0
pm and equal to or smaller than 18.0 pm, and
aratio of an outer diameter of the inner periphery
core layer relative to the diameter of the center
core portion is equal to or greater than 2 and
equal to or lower than 5,

a separation distance between each of the core
portions and adjacent one of the core portions
is equal to or shorter than 100 um,

each of the core portions propagates light only
with predetermined number, which is equal to
or greater than 2, of propagation modes,

an effective core area at wavelength of 1550 nm
of each of the propagation modes is equal to or
greater than 120 umZ2,and

a cross-talk of light at wavelength of 1550 nm
between the respective propagation modes be-
tween the respective core portions is equal to or
lower than -30.0 dB per 100 km of a propagation
distance.

The multi-core optical fiber according to claim 2,
wherein the effective core area at wavelength of
1550 nm of each of the propagation modes is equal
to or greater than 170 um?2.

The multi-core optical fiber according to any one of
claims 1 to 3, wherein

the predetermined number is 2, and

the propagation modes are LP01 mode and LP11
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mode.

The multi-core optical fiber according to claim 1,
wherein the predetermined number is 3, and the
propagation modes are LP01 mode, LP11 mode,
and LP21 mode.

The multi-core optical fiber according to any one of
claims 1 to 5, wherein a cross-talk of light at wave-
length of 1550 nm between the respective core por-
tions and between the respective propagation
modes is equal to or lower than -30.0 dB per 1000
km of a propagation distance.

The multi-core optical fiber according to any one of
claims 1 to 6, wherein an effective refractive index
of one of the propagation modes, of which a cross-
talk of light at wavelength of 1550 nm between the
adjacent core portions is maximum, has a difference
which is equal to or greater than 0.00005.

The multi-core optical fiber according to any one of
claims 1 to 7, wherein the plurality of core portions
include core portions of which refractive index pro-
files differ from each other.

The multi-core optical fiber according to claim 8,
wherein the plurality of core portions are constituted
by 3 kinds of core portions of which refractive index
profiles differ from each other.

The multi-core optical fiber according to claim 8 or
9, wherein a separation distance between each of
the core portions and adjacent one of the core por-
tions is equal to or shorter than 90 pm.

The multi-core optical fiber according to any one of
claims 1 to 10, wherein

the number of the core portions is 7, and

the 7 core portions are constituted by a center one
of the core portions and other core portions disposed
at apices of an approximate regular hexagon of
which the center one of the core portions is disposed
at center.

The multi-core optical fiber according to any one of
claims 1 to 10, where the number of the core portion
is 19.

An optical transmission system (400A) comprising
the multi-core optical fiber according to any one of
claims 1 to 12 as an optical transmission line.

Patentanspriiche

1.

Mehrfachkern-Lichtwellenleiter (100), der Folgen-
des umfasst:
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mehrere Kernabschnitte (10, 20, 30, 40, 50, 60,
70); und

einen Mantelabschnitt (80), der an AuRenum-
fangen der mehreren Kernabschnitte positio-
niert ist, wobei der Mantelabschnitt einen Bre-
chungsindex besitzt, der niedriger ist als ein ma-
ximaler Brechungsindex jedes der Kernab-
schnitte, wobei

jeder der Kernabschnitte aus einem zentralen
Kernabschnitt (11, 21, 31, 41, 51, 61, 71), der
den maximalen Brechungsindex besitzt, und ei-
nem AuRenumfangkernabschnitt (12, 22, 32,
42,52,62, 72), der an einem AuRenumfang des
zentralen Kernbereichs ausgebildet ist und ei-
nen Brechungsindex besitzt, der niedriger als
der Brechungsindex des Mantelabschnitts ist,
besteht,

eine relative Brechungsindexdifferenz A1 des
zentralen Kernbereichs relativ zum Mantelab-
schnitt 0,2 % bis 0,5 % betragt, eine relative Bre-
chungsindexdifferenz A2 des auleren Kern-
randbereichs relativ zum Mantelabschnitt gleich
oder groRer als -0,5 % und niedriger als 0 % ist,
ein Durchmesser des zentralen Kernbereichs
14 pum bis 19 pm ist und ein Verhaltnis eines
AuBendurchmessers des Aulenumfangkern-
abschnitts relativ zum Durchmesser des zentra-
len Kernabschnitts gréRer als 1 und gleich oder
niedriger als 4 ist,

ein Trennabstand zwischen jedem der Kernab-
schnitte und einem benachbarten Kernabschnitt
gleich oder kleiner als 100 pm ist,

Licht sich in jedem der Kernabschnitte nur mit
einer vorbestimmten Anzahl Ausbreitungsmo-
den, die gleich oder gréRer als 2 ist, ausbreitet,
eine wirksame Kernflache beieiner Wellenlange
von 1550 nm jeder der Ausbreitungsmoden
gleich oder gréRer als 120 um?2 ist, und

ein Ubersprechen von Licht bei einer Wellenlén-
ge von 1550 nm zwischen den jeweiligen Aus-
breitungsmoden zwischen den jeweiligen Kern-
abschnitten gleich oder niedriger als -30,0 dB
pro 100 km einer Ausbreitungstrecke ist.

2. Mehrfachkern-Lichtwellenleiter, der Folgendes um-

fasst:

mehrere Kernabschnitte; und

einen Mantelabschnitt, der an AuRenumfangen
der mehreren Kernabschnitte positioniert ist,
wobei der Mantelabschnitt einen Brechungsin-
dex besitzt, der niedriger ist als ein maximaler
Brechungsindex jedes der Kernabschnitte, wo-
bei

jeder der Kernabschnitte aus einem zentralen
Kernbereich mit dem maximalen Brechungsin-
dex, einer an einem Auflenumfang des zentra-
len Kernbereichs ausgebildeten Innenumfang-
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kernschicht mit einem Brechungsindex unge-
fahr gleich dem Brechungsindex des Mantelab-
schnitts und einem Aulenumfangkernab-
schnitt, der an einem AuRenumfang der Innen-
umfangkernschicht ausgebildet ist und einen
Brechungsindex besitzt, der niedriger als der
Brechungsindex des Mantelabschnitts ist, be-
steht,

eine relative Brechungsindexdifferenz A1 des
zentralen Kernbereichs relativ zum Mantelab-
schnitt gleich oder gréfer als 0,20 % und nied-
riger als 0,35 % ist, eine relative Brechungsin-
dexdifferenz A3 des AulRenumfangkernab-
schnitts relativ zum Mantelabschnitt gleich oder
groéRer als -0,5 % und niedriger als 0 % ist, ein
Durchmesser des zentralen Kernbereichs
gleich oder grofer als 12,0 wm und gleich oder
kleiner als 18,0 wm ist und ein Verhaltnis eines
AuBendurchmessers der Innenumfangkern-
schicht relativ zum Durchmesser des zentralen
Kernbereichs gleich oder gréRRer als 2 und gleich
oder niedriger als 5 ist,

ein Trennabstand zwischen jedem der Kernab-
schnitte und einem benachbarten Kernabschnitt
gleich oder kurzer als 100 pum ist,

Licht sich in jedem der Kernabschnitte nur mit
einer vorbestimmten Anzahl Ausbreitungsmo-
den, die gleich oder gréRer als 2 ist, ausbreitet,
eine wirksame Kernflache bei einer Wellenlange
von 1550 nm jeder der Ausbreitungsmoden
gleich oder gréRer als 120 um? ist, und

ein Ubersprechen von Licht bei einer Wellenlan-
ge von 1550 nm zwischen den jeweiligen Aus-
breitungsmoden zwischen den jeweiligen Kern-
abschnitten gleich oder niedriger als -30,0 dB
pro 100 km einer Ausbreitungsstrecke ist.

Mehrfachkern-Lichtwellenleiter nach Anspruch 2,
wobei die wirksame Kernflache bei einer Wellenlan-
gevon 1550 nm jeder der Ausbreitungsmoden gleich
oder gréRer als 170 pm2 ist.

Mehrfachkern-Lichtwellenleiter nach einem der An-
spriiche 1 bis 3, wobei

die vorbestimmten Anzahl 2 ist, und

die Ausbreitungsmoden die Mode LP0O1 und die Mo-
de LP11 sind.

Mehrfachkern-Lichtwellenleiter nach Anspruch 1,
wobei

die vorbestimmten Anzahl 3 ist, und

die Ausbreitungsmoden die Mode LP01, die Mode
LP11 und die Mode LP21 sind.

Mehrfachkern-Lichtwellenleiter nach einem der An-
spriiche 1 bis 5, wobei ein Ubersprechen von Licht
bei einer Wellenlange von 1550 nm zwischen den
jeweiligen Kernabschnitten und zwischen den jewei-
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1.

12.

13.

40

ligen Ausbreitungsmoden gleich oder niedriger als
-30,0 dB pro 1000 km einer Ausbreitungsstrecke ist.

Mehrfachkern-Lichtwellenleiter nach einem der An-
spriiche 1 bis 6, wobei ein wirksamer Brechungsin-
dexeiner der Ausbreitungsmoden, von der ein Uber-
sprechen von Licht bei einer Wellenlange von 1550
nm zwischen den benachbarten Kernabschnitten
maximal ist, eine Differenz hat, die gleich oder gro-
Rer als 0,00005 ist.

Mehrfachkern-Lichtwellenleiter nach einem der An-
spriiche 1 bis 7, wobei die mehreren Kernabschnitte
solche Kernabschnitte enthalten, deren Brechungs-
indexprofile voneinander abweichen.

Mehrfachkern-Lichtwellenleiter nach Anspruch 8,
wobei die mehreren Kernabschnitte aus 3 Arten von
Kernabschnitten gebildet sind, deren Brechungsin-
dexprofile sich voneinander unterscheiden.

Mehrfachkern-Lichtwellenleiter nach Anspruch 8
oder 9, wobei ein Trennabstand zwischen jedem der
Kernabschnitte und benachbarten Kernabschnitten
gleich oder kirzer als 90 pm ist.

Mehrfachkern-Lichtwellenleiter nach einem der An-
spriiche 1 bis 10, wobei

die Anzahl der Kernabschnitte 7 ist, und

die 7 Kernabschnitte durch einen zentralen Kernab-
schnitt und andere Kernabschnitte gebildet sind, die
an den Scheitelpunkten eines ndherungsweise re-
gularen Sechsecks angeordnet sind, an dessen Mit-
telpunkt der zentrale Kernabschnitt angeordnet ist.

Mehrfachkern-Lichtwellenleiter nach einem der An-
spriiche 1 bis 10, wobei die Anzahl der Kernabschnit-
te 19 ist.

Optisches Ubertragungssystem (400A), das den
Mehrfachkern-Lichtwellenleiter nach einem der An-
spriiche 1 bis 12 als optische Ubertragungsleitung
umfasst.

Revendications

1.

Fibre optique multi-coeur (100) comprenant :

une pluralité de parties de coeur (10, 20, 30, 40,
50, 60, 70) ; et

une partie de gainage (80) située au niveau de
périphéries extérieures de la pluralité de parties
de coeur, la partie de gainage ayant un indice
de réfraction inférieur a un indice de réfraction
maximal de chacune des parties de coeur, ou
chacune des parties de coeur consiste en une
partie de coeur centrale (11, 21, 31, 41, 51, 61,
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71) ayant I'indice de réfraction maximal, et une
partie de coeur périphérique extérieure (12, 22,
32,42, 52, 62, 72) formée au niveau d’une pé-
riphérie de la partie de coeur centrale et ayant
unindice de réfraction qui estinférieure al'indice
de réfraction de la partie de gainage,

une différence relative d’indice de réfraction A1
de la partie de coeur centrale par rapport a la
partie de gainage est de 0,2% a 0,5%, une dif-
férence relative d’indice de réfraction A2 de la
partie de coeur périphérique extérieure par rap-
port a la partie de gainage est égale ou supé-
rieure a -0,5% et inférieure a 0%, un diamétre
de la partie de coeur centrale estde 14 pma 19
pm et un ratio entre un diamétre extérieur de la
partie de coeur périphérique extérieure par rap-
port au diamétre de la partie de coeur centrale
est supérieure a 1 et égale ou inférieure a 4,
une distance de séparation entre chacune des
parties de coeur et une des parties de coeur
adjacentes est égale ou inférieure a 100 um,
chacune des parties de coeur ne propage la lu-
miére que selon un nombre prédéterminé, égal
ou supérieur a 2, de modes de propagation,
une surface effective de coeur de chacun des
modes de propagation, a une longueur d’'ondes
de 1550 nm, est égale ou supérieure & 120 um?2,
et

une diaphonie d’'une lumiére ayantune longueur
d’ondes de 1550 nm entre les modes de propa-
gation respectifs entre les parties de coeur res-
pectives est égale ou inférieure a -30.0 dB par
100 km de distance de propagation.

2. Fibre optique multi-coeurs comprenant :

une pluralité de parties de coeur ; et

une partie de gainage située au niveau de péri-
phéries extérieures de la pluralité de parties de
coeur, la partie de gainage ayant un indice de
réfraction inférieur a un indice de réfraction
maximal de chacune des parties de coeur, ou
chacune des parties de coeur consiste en une
partie de coeur centrale ayant I'indice de réfrac-
tion maximal, une couche de coeur périphérique
intérieure au niveau d’une périphérie extérieure
de la partie de coeur centrale et ayant un indice
de réfraction qui est approximativement égal a
l'indice de réfraction de la partie de gainage, et
une partie de coeur périphérique extérieure for-
mée au niveau d’une périphérie extérieure de la
couche de coeur périphérique intérieure et
ayant un indice de réfraction qui est inférieur a
l'indice de réfraction de la partie de gainage,
une différence relative d’indice de réfraction A1
de la partie de coeur centrale par rapport a la
partie de gainage est égale ou supérieure a
0,20% et inférieure a 0,35%, une différence re-
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lative d’indice de réfraction A3 de la partie de
coeur périphérique extérieure par rapport a la
partie de gainage est égale ou supérieure a
-0,5% etinférieure a 0%, un diametre de la partie
de coeur centrale est égal ou supérieur a 12.0
pm et égal ou inférieur a 18.0 um et un ratio
entre un diamétre extérieur de la partie de coeur
périphérique intérieure par rapport au diamétre
de la partie de coeur centrale est égal ou supé-
rieur a 2 et égal ou inférieur a 5,

une distance de séparation entre chacune des
parties de coeur et une des parties de coeur
adjacentes est égale ou inférieure a 100 pm,
chacune des parties de coeur ne propage la lu-
miére que selon un nombre prédéterminé, égal
ou supérieur a 2, de modes de propagation,
une surface de coeur effective de chacun des
modes de propagation, a une longueur d’ondes
de 1550 nm, est égale ou supérieure & 120 um?2,
et

une diaphonie d’'une lumiere ayant une longueur
d’ondes de 1550 nm entre les modes de propa-
gation respectifs entre les parties de coeur res-
pectives est égale ou inférieure a -30.0 dB par
100 km de distance de propagation.

Fibre optique multi-coeur selon la revendication 2,
ou la surface de coeur effective de chacun des mo-
des de propagation, a une longueur d’'onde de 1550
nm, est égale ou supérieure & 170 um?2.

Fibre optique multi-coeur selon I'une quelconque
des revendications 1 a 3, ou

le nombre prédéterminé est 2, et

les modes de propagation sont un mode LP01 et un
mode LP11.

Fibre optique multi-coeurs selon la revendication 1,
ou

le nombre prédéterminé est 3, et

les modes de propagation sont un mode LP01, un
mode LP11 et un mode LP21.

Fibre optique multi-coeur selon I'une quelconque
des revendications 1 a 5, ou une diaphonie d’une
lumiere ayant une longueur d’ondes de 1550 nm en-
tre les parties de coeur respectives et entre les mo-
des de propagation respectifs est €gale ou inférieure
a-30.0 dB par 1000 km de distance de propagation.

Fibre optique multi-coeur selon I'une quelconque
des revendications 1 a 6, ou un indice de réfraction
effectif de 'un des modes de propagation, dont une
diaphonie d’une lumiére ayantune longueur d’'ondes
de 1550 nm entre les parties de coeur adjacentes
est maximale, présente une différence qui est égale
ou supérieure a 0,00005.
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12.

13.
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Fibre optique multi-coeur selon I'une quelconque
des revendications 1 a 7, ou la pluralité de parties
de coeur inclut des parties de coeur dont les profils
d’indice de réfraction différent les uns des autres.

Fibre optique multi-coeurs selon la revendication 8,
ou la pluralité de parties de coeurs est constituée de
3 types de parties de coeur dont les profils d’indice
de réfraction différent les uns des autres.

Fibre optique multi-coeurs selon la revendication 8
ou 9, ou une distance de séparation entre chacune
des parties de coeur et une des parties de coeur
adjacentes est égale ou inférieure a 90 pm.

Fibre optique multi-coeurs selon l'une quelconque
des revendications 1 a 10, ou

le nombre de parties de coeur est 7, et

les 7 parties de coeur sont constituées d’une partie
de coeur centrale et d’autres parties de coeur dis-
posées aux apex d’'un hexagone approximativement
régulier au centre duquel se situe la partie de coeur
centrale.

Fibre optique multi-coeurs selon l'une quelconque
des revendications 1 a 10, ou le nombre de parties
de coeur est 19.

Systeme de transmission optique (400A) compre-
nant la fibre optique multi-coeurs selon I'une quel-
conque des revendications 1 a 12 en tant que ligne
de transmission optique.
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FIG.8

LP11 LP21
No. D'SSE'E’)'IE\IR' SLOPE | neff Aeff MFD BE%%'QG neff
130-1 23.4 | 0059 | 144657 | 1954 16.1 | 4.4E-03 |[1.44399
1302 226 | 0058 | 144649 | 1942 16.0 | 2.7E-02 |[1.44389
130-3 216 | 0056 | 144632 | 2045 16.5 | 2.5E-02 |1.44386
130-4 199 | 0053 | 144621 | 2059 16.6 | 2.6E-01 |[1.44380
150-1 235 | 0.060 | 144636 | 217.7 17.0 | 7.6E-03 [1.44404
150-2 228 | 0059 | 144626 | 2237 172 | 4.9E-03 [1.44400
150-3 219 | 0058 | 144613 | 2207 175 | 4.7E-02 [1.44394
150-4 204 | 0055 | 1.44604 | 2313 176 | 5.3E-01 [1.44389
170-1 236 | 0061 | 144617 | 247.9 181 | 7.8E-03 [1.44414
170-2 229 | 0.060 | 1.44605 | 253.0 183 | 6.8E-02 [1.44405
170-3 215 | 0.058 | 1.44631 | 259.0 186 | 1.5E+00 [1.44437
130-5 223 | 0058 | 1.446916| 195.0 10.1  |6.35E- 05 [1.4443315
150-5 184 | 0041 |1.445001| 236.7 11.2 | 1.14E+02

170-4 221 0.059 | 1.445893| 257.6 116 |4.53E-03[1.4439364
130- 6 16.1 0.0425 | 1.44504 | 2355 113 |2.3E+02

130-7 210 | 0.0554 | 1.44686 | 1965 101 |3.6E-03 |1.4443069
170-5 182 | 0.0500 | 1.44493 | 2935 126 |7.3E+01
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FIG.11

FIG.12
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FIG.13

DISTANCE TRANSMISSION

MODE BETWEEN CORES| DISTANCE
“um m
LP01-LPO1 30| 4.20E-03
40|  4.40E-01
50|  3.20E+01
60| 2.78E+03
70 1.03E+05
80| 8.40E+06
90| 6.50E+08
100|  5.30E+10
LP11-LP11 30[ 7.80E-04
40| 2.95E-02
50(  6.30E-01
60| 1.55E+01
70|  2.15E+02
80| 5.50E+03

90 1.40E+05

100 3.30E+06

LPO1-LP11 30| 3.60E+03
40| 2.15E+08

50 2.40E+12

60 1.50E+16

70| 8.70E+18

80| 5.80E+22

90| 1.05E+28

100 3.30E+26

LP11-LPO1 30| 5.20E+06
40| 1.50E+09

50| 2.55E+12

60| 1.55E+15

70|  3.40E+17

80| 2.10E+20

90 2.05E+23

100 8.90E+25
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TRANSMISSION DISTANCE [m]

1.0E+29
1.0E+26
1.0E+23
1.0E+20
1.0E+17
1.0E+14
1.0E+11
1.0E+08
1.0E+05
1.0E+02
1.0E-01
1.0E-04
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FIG.14

—e— LPO1-LPO1
/> —h— LPO1-LP11
/ —a— LP11-LP11
/)[/ —¢— LP11-LP0O1
y.d4
7
A -
£ //:i'{/
il
] ﬂ | | ]
0 20 40 60 80 100 120
DISTANCE BETWEEN CORES [ ¢ m]
FIG.15
DISTANCE TRANS-
MODE BETWEEN MISSION
CORES DISTANCE
“4m m
LPO1-LPO1 30 8.70E-03
40 8.00E-01
50 7.80E+01
60 8.60E+03
70 3.90E+05
80 4.00E+07
90 3.80E+Q9
100 3.90E+11
LP11-LP11 30 1.55E-03
40 4 .30E-02
50 1.06E+00
(o]0 3.10E+01
70 4 90E+02
80 ‘].50E+04
a0 4 40E+05
100 1.32E+07
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TRANSMISSION DISTANCE [m]

1.00E+13

1.00E+11

1.00E+09

1.00E+07

1.00E+05

1.00E+03

1.00E+01

1.00E-01

1.00E-03
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FIG.16

—o— LP01-LPO1
—&— | P11-LP11

//
i

s

77

24

"

I 1

20 40 60 80 100 120
DISTANCE BETWEEN CORES [z m]
FIG.17
DISTANCE | TRANS-
MODE BETWEEN | MISSION
CORES |DISTANCE
um m
LPO1-LPO1 30 | 2.50E-03
40 | 2.50E-01
50 | 1.36E+01
60 | 9.20E+02
70 | 2.80E+04
80 | 1.80E+06
90 | 1.10E+08
100 | 7.00E+09
LP11-LP11 30 | 5.80E-04
40 | 2.55E-02
50 | 4.30E-01
60 | 9.00E+00
70 | 1.10E+02
80 | 2.40E+03
90 | 5.20E+04
100 | 1.06E+06
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TRANSMISSION DISTANCE [m]

1.0E+10

1.0E+08

1.0E+06

1.0E+04

1.0E+02

1.0E+00

1.0E-02

1.0E-04
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FIG.18
—— LP01-LPO1
—— | P11-LP11
4
0 2I0 4|0 610 8E0 1 (I)O 120

DISTANCE BETWEEN CORES [ ¢ m]
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FIG.19

MODE

DISTANCE
BETWEEN
CORES

TRANS-
MISSION
DISTANCE

am m

LPO1-LPO1 30| 1.95E+00

130-1=>130-2 40| 1.88E+04

501 1.70E+08

60| 2.05E+12

701 3.90E+15

80| 4.10E+19

90| 3.60E+23

100| 3.80E+27

LP11-LP11 30| 9.60E-02

130-1=>130-2 40| 8.40E+01

90| 4.70E+04

60| 3.80E+07

70| 8.80E+09]|

80| 7.50E+12

30.92> 90| 5.80E+15

100] 4.20E+18

LPO1-LPO1 301 1.70E+00

130-2=>130-1 40] 1.68E+04

501 1.65E+08

60} 2.00E+12

70} 3.90E+15

80} 4.20E+19

90} 3.70E+23

100} 3.70E+27

LP11-LP11 30} 9.30E-02

130-2=>130-1 40| 7.90E+01

50} 5.40E+04

60} 4.10E+07

70} 9.20E+09

80} 7.70E+12

90} 6.50E+15

100} 5.10E+18
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TRANSMISSION DISTANCE [m]

1.0E+28
1.0E+25
1.0E+22
1.0E+19
1.0E+16
1.0E+13
1.0E+10
1.0E+07
1.0E+04
1.0E+01
1.0E-02

EP 2 743 742 B1

FIG.20
/
/
/
P
/
'
A

DISTANCE BETWEEN CORES [ 4 m]

120

—4— | P01-LP01 (130-1=>130-2)
—&— LP01-LP01 (130-2=>130-2)
—&— | P11-LP11 (130-1=>130-2)
—>— LP11-LP11 (130-2=>130-1)
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FIG.21

MODE

IDISTANCE
BETWEEN
CORES

TRANS-
MISSION
DISTANCE

gm m

LPO1-LPO1 30 | 1.20E+00

150-1=>150-2 40 | 1.15E+04

50 | 6.40E+07

60 | 4.50E+11

70 | 5.50E+14

80 | 3.20E+18

90 | 1.78E+22

100 | 1.02E+26

LP11-LP11 30 | 2.90E-02

160-1=>150-2 40 | 3.60E+01

50 | 1.65E+04

60 | 9.30E+06

70 | 1.58E+09

80 | 9.10E+11

90 | 5.10E+14

100 | 2.45E+17

LPO1-LPO1 30 | 1.50E+00

150-2=>150-1 40 | 157E+04

50 | 8.10E+07

60 | 5.80E+11

70 | 7.20E+14

80 | 4.60E+18

90 | 2.40E+22

100 | 1.40E+26

LP11-L.P11 30 | 3.80E-02

150-2=>150-1 40 | 5.10E+01

50 | 2.35E+04

60 | 1.26E+07

70 | 210E+09

80 | 1.23E+12

90 | 7.10E+14

100 { 3.60E+17
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TRANSMISSION DISTANCE [m]

1.0E+28

1.0E+25

1.0E+22
1.0E+19
1.0E+16
1.0E+13
1.0E+10
1.0E+07
1.0E+04
1.0E+01
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FIG.22
A
/I
F 7
A F
7
4
0 20 40 60 80 100

DISTANCE BETWEEN CORES [ m]

120

—e— LPO1-LPO1 (150-1=>150-2)
—&— LP01-LPO1 (150-2=>150-2)
—8— | P11-LP11 (150-1=>150-2)
—— LP11-LP11 (150-2=>150-1)
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EP 2 743 742 B1

FIG.23

DISTANCE| TRANS-
MODE BETWEEN| MISSION
CORES |[DISTANCE

Hm m

I.PO1-LPO1 30| 4.20E-01

170-1=>170-2 40| 3.95E+03

50| 1.25E+07

60| 5.00E+10

70{ 4.10E+13

80| 1.49E+17
90| 5.00E+20

100{ 1.75E+24

LP11-LP11 30 1.95E-02

170-1=>170-2 40| 3.20E+01

50| 9.00E+03

60| 3.60E+06

70| 4.55E+08

80| 1.85E+11

90| 7.30E+13

100 | 2.50E+16

LPO1-LPO1 30| 4.90E-01

170-2=>170-1 40| 4.30E+03

50| 1.33E+07

60| 5.50E+10

70| 4.50E+13

80| 1.73E+17

90| 5.60E+20

100 | 1.95E+24

LP11-LP11 30| 2.20E-02

170-2=>170-1 40| 3.20E+01

50| 1.03E+04

60| 3.70E+06

70| 4.60E+08

80| 1.87E+11

90| 7.50E+13

100 | 2.70E+16

41




TRANSMISSION DISTANCE [m]
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EP 2 743 742 B1

FIG.24
/
/
Vard
a4
N A

DISTANCE BETWEEN CORES [ ¢ m]

120

—4— LP01-LP01 (170-1=>170-2)
—&— | P01-LPO1 (170-2=>170-2)
—8— | P11-LP11 (170-1=>170-2)
—>— LP11-LP11 (170-2=>170-1)
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EP 2 743 742 B1

FIG.25

' DISTANCE} TRANS-
MODE BETWEEN| MISSION
CORES [DISTANCE

gm m

LP0O1-LPO1 30 | 1.85E+01

130-1=>150-1 40 |1.45E+05

50 |1.05E+09

60 |9.40E+12

70 |1.38E+16

80 |1.06E+20

90 |6.40E+23

100 |4.80E+27

LP11-LP11 30 | 3.60E-01

130-1=>150-1 40 [3.05E+02

50 |1.70E+05

60 |1.20E+08

70 |2.40E+10

80 |1.82E+13

90 |2.00E+16

100 |7.50E+18

LPO1-LPO1 30 |2.25E+01

150-1=>130-1 40 [2.20E+05

50 | 1.44E+09

60 |[1.40E+13

70 |2.20E+16

80 | 1.65E+20

90 | 1.15E+24

100 |7.70E+27

LP11-LP11 30 | 3.00E-01

150-1=>130-1 40 | 3.50E+02

50 | 1.82E+05

60 |1.33E+08

70 |2.80E+10

80 |2.05E+13

90 | 1.62E+16

100 |1.00E+19

43




TRANSMISSION DISTANCE [m]
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EP 2 743 742 B1

FIG.26

%

] ] [ l l

0

20 40 60 80 100 120
DISTANCE BETWEEN CORES [ m]

—&— LP01-LPO1 (130-1=>150-1)
—&— LP01-LPO1 (130-1=>150-1)
—&— | P11-LP11 (150-1=>130-1)
—>— LP11-LP11 (150-1=>130-1)
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EP 2 743 742 B1

FIG.27

MODE

DISTANCE
BETWEEN
CORES

TRANS-
MISSION
DISTANCE

Lm

m

LP0O1-LPO1
130-1=>170-1

30

1.23E+01

40

1.05E+05

50

5.20E+08

60

3.00E+12

70

3.00E+15

80

1.37E+19

90

5.30E+22

100

2.36E+26

LP11-LP11
130-1=>170-1

30

3.30E-01

40

3.60E+02

50

1.65E+05

60

9.40E+07

70

1.55E+10

80

9.20E+12

90

4 50E+15

100

2.05E+18

LP0O1-LPO1
170-1=>130-1

30

4.30E+01

40

3.30E+05

50

1.30E+09

60

7.80E+12

70

8.00E+15

80

3.70E+18

90

1.55E+23

100

6.00E+26

LP11-LP11
170-1=>130-1

30

6.00E-01

40

7.30E+02

50

2.85E+05

60

1.60E+08

70

2.75E+10

80

1.48E+13

90

8.30E+15

100

3.90E+18
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TRANSMISSION DISTANCE [m]

1.0E+29
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EP 2 743 742 B1

FIG.28

V.
.4
/

4
4

A

20 40 60 80 100
DISTANCE BETWEEN CORES [ ¢ m}

120

—o— LP01-LP01 (130-1=>170-1)
—&— LP01-LP01 (130-1=>170-1)
—&— | P11-LP11 (170-1=>130-1)
—¢— LP11-LP11 (170-1=>130-1)
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EP 2 743 742 B1

FIG.29

DISTANCE| TRANS-
MODE BETWEEN| MISSION
CORES |DISTANCE|

um m

LPO1-LPO1 30{ 3.40E+00

150-1=>170-1 20| 3.55E+04

50| 1.53E+08

60| 8.50E+11

70| 8.70E+14

80| 3.90E+18

90| 1.65E+22

100] 7.20E+25

LP11-LP11 30| 7.60E-02

150-1=>170-1 40| 1.26E+02

50| 5.00E+04

60] 2.55E+07

701 410E+09

80| 2.20E+12

90} 1.15E+15

100} 5.10E+17

LP0O1-LPO1 30} 9.30E+00

170-1=>150-1 40| 9.50E+04

50| 3.05E+08

60| 1.70E+12

70| 1.75E+15

80| 8.70E+18

90| 3.50E+22

100| 1.53E+26

LP11-LP11 30| 1.53E-01

170-1=>150-1 40| 2.50E+02

50| 8.50E+04

60| 4.30E+07

70| 6.90E+09

80| 3.80E+12

90| 1.98E+15

100 | 9.30E+17
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TRANSMISSION DISTANCE [m]
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FIG.30

v,

20 40 60 80 100
DISTANCE BETWEEN CORES [ ¢4 mj

120

—e— LP01-LP01 (150-1=>170-1)
—&— LP01-LP01 (150-1=>170-1)
—&— | P11-LP11 (170-1=>150-1)
—%— LP11-LP11 (170-1=>150-1)
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EP 2 743 742 B1

FIG.

31

MODE

DISTANCE
BETWEEN
CORES

TRANS-
MISSION
DISTANCE

um

m

LPO1-LPO1

30

8.81E-03

40

1.46E+00

50

2.29E+02

60

4.40E+04

70

3.08E+06

80

5.46E+08

90

8.62E+10

100

1.53E+13

LP11-LP11

30

1.37E-03

40

8.07E-02

50

3.67E+00

60

2. 19E+02

70

6.16E+03

80

3.93E+05

90

2.34E+07

100

1.38E+09

LP21-LP21

30

9.20E-04

40

2.70E-03

50

1.31E-02

60

7.51E-02

70

3.01E-01

80

1.81E+00

a0

9.83E+00

100

7.32E+401

LPO1-LPi1

30

1.02E+05

40

1.13E+08

50

3.96E+13

60

4.15E+17

70

2.08E+19

80

1.30E+25

90

1.67E+28

100

1.56E+39

LPO1-LP21

30

1.48E-02

40

7.23E-01

50

2.93E+01

60

1.11E+03

70

1.97E+04

80

6.80E+05

90

2.26E+07

100

9.14E+08

LP11-LPO1

30

1.05E+06

40

2.02E+09

50

4.20E+14

60

7. 70E+18

70

7.76E+20

80

7.82E+23

90

3.61E+28

100

4,44E+31

LP11-LP21

30

1.13E+02

40

1.53E+04

50

3.81E+06

60

1.73E+08

70

2.73E+10

80

5.76E+10

80

4.49E+12

100

1,37E+14

LP21-LPO1

30

3.28E+01

40

1.88E+02

50

7.28E+03

60

2.78E+05

70

4.92E+06

80

1.66E+08

90

5.64E+09

100

2.06E+11

LP21-LP11

30

2.60E+04

40

2.71E+07

50

7.25E+07

60

1.27E+11

70

3.40E+12

80

2.84E+16

90

3.35E+14

100

3.23E+18
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TRANSMISSION DISTANCE [m]
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FIG.32

N

20
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60 80 100 120
DISTANCE BETWEEN CORES [ ¢ m]

—

—— LP01-LPO1
—hk— [ P01-LP11

LPO1-LP21

—&— | P11-LP11 —%— LP21-LP21
—>— LP11-LP01 —=— LP21-LPO1
—+— LP11-LP21 —=— LP21-LP11
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FIG.33

EP 2 743 742 B1

51

MODE

DISTANCE
BETWEEN
CORES

TRANS-
MISSION
DISTANCE

um

LPG1-LPC1

30

m
3.00E-03

70

3.68E-01

50

4.35E+01

60

5.95E+03

70

3.13E+05

80

4.10E+07

90

4.70E+08

100

6.09E+11

LPT1-LP11

30

5.36E-04

40

2.53E-02

50

8.89E-01

60

4.11E+01

70

9.27E+02

80

4.48E+04

90

2.02E+06

100

9.14E+07

LP21-LP21

30

3.34E-04

40

1.30E-03

50

5.50E-03

60

2,98E-02

70

1.14E-01

80

6.40E-01

80

3.30E+00

100

2.25E+01

LPO1-LP11

30

8.42E+03

40

8.60E+07

50

4.59E+12

60

1.03E+16

70

5.47E+i7

80

4.56E+22

90

8.11E+26

100

3.78E+29

LPO1-LP21

30

2.72E-03

40

1.21E-01

50

4 33E+00

60

1.45E+02

70

2.32E+03

80

7.12E+04

90

2.09E+06

100

7.73E+07

LP11-LPO1

30

1.72E+05

40

1.24E+09

50

1.86E+13

60

9.92E+16

70

7.76E+19

80

3.11E+22

90

4.44E+26

100

1.14E+29

LP1T-LP21

30

4.78E+01

40

5.95E+03

50

5.32E+05

60

1.93E+Q7

70

1.63E+02

80

5.92E+09

90

3.73E+11

100

1.03E+13

LP21-LP01

30

1.03E+01

40

4.89E+01

50

1.61E+03

60

5.41E+04

70

8.66E+(05

80

2.61E+07

90

7.79E+08

100

2.56E+10

LP21-LP11

30

2.37E+05

40

6.75E+(06

50

1.46E+07

60

4.25E+09

70

1.54E+12

80

6.90E+12

90

3.15E+13

100

2.69E+15




TRANSMISSION DISTANCE [m]

EP 2 743 742 B1

FIG.34

1.0E+29

1.0E+26

1.0E+23

1.0E+20

1.0E+17

1.0E+14

1.0E+11

1.0E+08
1.0E+05

1.0E+02

1.0E-01

1.0E-04 :
0 20

40 60

80 100 120

DISTANCE BETWEEN CORES [1 m]

—— |P01-LPO1
—4&— LPO1-LP11
—&— | P01-LP21

—&— | P11-LP11
—*¢— LP11-LPO1
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EP 2 743 742 B1

FIG.35

DISTANCE| TRANS-
MODE BETWEEN | MISSION
CORES |DISTANCE

“m m

LPO1-LPO1 30} B,34E-03

401 1.075+00

50| 1.69E+02

60| 2.62E+04

70| 1.62E+06

801 2.33E+08

901 3.12E+10

100 { 4.62E+12

LP11-LP11 301 2.60E-03

401 1.15E-01

50| 5.51E+00

80| 2.72E+02

70| 7.27E+03

80 [ 4.05E+05

90 [ 2.28E+07

100 | 1.19E+09

LP21-LP21 30] 1.07E-03

40| 6.14E-G3

50| 3.97E-02

60| 2.57E-01

70} 1.11£+00

80| 7.19E+00

90| 4.41E+401

100 | 3.25E+02

LPO1-LP11 30| 1.76E+05

401 1.65E+09

50| 3.91E+12

60| 6.54E+15

70| 3.60E+18

80| 4.25E+22

90| 1.34E+26

100 [ 1.79E+29

LPO1-LP21 30| 1.47E-01

40| 8.30E+00

50 [ 3.95E+02

60 [ 1.76E+04

70| 3.55E+05

80| 1.44E+07

90| 5.64E+08

100 [ 2.57E+10

LP11-LPO1T 30] 2.81E+05

40| 4.95E+08

50| 1.22E+12

60 1.92E+18

70| 1.60E+20
80| 2.44E+25

90| 3.66E+26

100 | 1.22E+31

LP11-LP21 30 9.00E+02

40 7.58E+04

50| 3.64E+07

B0 3.45E+10C

70] 3.39E+11

80| 7.89E+11

90| 1.40E+13

160 | 8.75E+14

LP21-LP01 301 6.92E+00

401 3.18E+02

50 1.48E+04

60| 6.71E+05

70| 1.36E+07

80| 5.35E+08

90| 2.13E+10

100 | 9.46E+11

LP21-LP11 30| 2.32E+03

40] 1.55E+05

50 | 7.02E+06

60| 9.20E+08

70] 2.00E+10

80} 8.38E+11

901 3.96E+13

100 | 1.04E+15
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FIG.36
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—¢— L[P01-LPO1
—&— LPO1-LP11
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—¢— LP11-LP0O1 —=— LP21-LP0O1
—+— LP11-LP21 —=— LP21-LP11
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FIG.37

EP 2 743 742 B1

DISTANCE
MGCDE BETWEEN
: CORES

TRANS-
MISSION
DISTANCE

um

m

LPO1-LPO1 30

2.27E+00

150-1=>150-2 40

5.57E+04

50

1.01E+09

60

2.24E+13

70

6.89E+16

80

1.17E+21

00

1.44E+25

100

2.28E+29

LP11-LP11 30

7.42E-02

150-1=>150-2 70

2.46E+02

50

5.65E+05

60

0.94E+08

70

5.18E+11

80

1.16E+15

90

2.78E+18

100

5.34E+21

LP21-LP21 30

4.60E-03

150-1=>150-2 40

3.24E-01

50

9.59E+00

60

2.04E+02

70

4.35E+03

80

1.32E+05

20

3.66E+06

100

1,.01E+08

LP0O1-LPO1 30

1.68E+00

150-2=>150-1 20

3.86E+04

50

7.25E+08

60

1.43E+13

70

4 14E+16

80

6.12E+20

90

9.36E+24

100

1.51E+29

LP11-LP11 30

4,04E-02

150-2=>150-1 40

1.62E+02

50

2.65E+05

60

6.01E+08

70

3.20E+11

80

7.40E+14

90

1.64E+18

100

3.03E+21

LP21-LP21 30

2.15E-03

150-2=>150-1 70

1.93E-01

50

6.81E+00

60

2.21E+02

70

3.38E+03

80

1.11E+05

90

3.27E+08

100

2.40E+08
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EP 2 743 742 B1

FIG.38

1.0E+27 /

1.0E+24 /

1.0E+21 R
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—=— |P11-LP11 (150-1=>150-2) —%— LP11-LP11 (150-2=>150-1)
—%— LP21-LP21 (150-1=>150-2) —e— LP21-LP21 (150-2=>150-1)
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EP 2 743 742 B1

FIG.39

MODE

DISTANCE
BETWEEN
CORES

TRANS-
MISSION
DISTANCE

“am

m

LPO1-LPO1
130-1=>150-2

30

1.33E+01

40

4.96E+05

50

1.35E+10

60

4.55E+14

70

1.98E+18

80

4,99F+22

90

9.35E+26

100

2.42E+31

LP11-LP11
130-1=>150-2

30

2.09E-01

40

1.10E+03

50

3.30E+06

60

9.22E+09

70

7.08E+12

80

2.58E+16

g0

8.93E+19

100

2.81E+23

LP21-LP21
130-1=>150-2

30

1.02E-02

40

7.59E-01

50

2.4BE+01

60

8.62E+02

70

1.42E+04

80

5.04E+05

80

1.58E+07

100

5.57E+08

LPO1-LPO1
150-2=>130-1

30

1.80E+01

40

7.29E+05

50

2.11E+10

60

7.14E+14

70

3.28E+18

80

8.43E+22

90

2.06E+27

100

5.06E+31

LP11-LP11
150-2=>130-1

30

1.57E-01

40

1.21E+03

50

2.76E+06

60

9.59E+09

70

7.67E+12

80

2.82E+16

90

1.04E+20

100

3.17E+23

LP21-LP21
150-2=>130-1

30

5.10E-03

40

5.43E-01

50

2.14E+01

60

7.91E+02

70

1.35E+04

80

5.02E+05

90

1.68E+07

100

1.24E+09
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TRANSMISSION DISTANCE [m]

EP 2 743 742 B1

FIG.40

1.0E+27 /
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1.0E+21 / /
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1.0E+06

1.0E+03 //
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1.0E-03 ! : L ' : _
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—a— | P11-LP11 (130-1=>150-2) —»— LP11-LP11 (150-2=>130-1)
—%— LP21-LP21 (130-1=>150-2) —e— LP21-LP21 (150-2=>130-1)
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FIG.42
DISFER" | sLOPE neff | FEAEESE | pefr -BEL%%'SNG
ps/nm/km | ps/nm®km dB/m 4m? dB/m
LPO1 21.5 0.064 1.44805 -~ 168.7 2.9E-06
LP11 221 0.058 1.44638 - 246.2 3.2
LP21 - - 1.44434 8.9 350.1 -
FIG.43
DISPER- | sLope MISSION |  Aef BENDING
LOSS
psinm/km | ps/inm%km | dB/km ¢ m? dB/m
LPG1 216 0.065 0.200 171.5 0.12
LP11 22.0 0.063 0.271 250.6 2.6
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FI1G.44
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FIG.45

AMOUNT XT

am dB
4.0 -5.18
5.0 -7.55
6.0 11.32
7.0 -15.84
8.0 -18.70
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FIG.46
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B R=20mm LP11
—-A-R=60mm LP01
2>¢R=60mm LP11
=K-R=100mm LP0O1
--R=100mm LP11
—+R=140mm LP01
—R=140mm LP11
20 40 60 80 100 120
DISTANCE BETWEEN CORES [ ¢ m]
— 1 P01-LP0O1 /
= P11-LP11 / /
0 20 40 80 80 100 120




EP 2 743 742 B1

FIG.49
LP0O1-LP0O1 LP11-LP11
R A L A L
mm um km Hm km
20 30 4,18E-03 30 4.75E-04
40 3.15E+01 40 2.72E-01
50 1.96E+05 50 1.04E+02
60] ~ 1.85E+09 60 1.09E+05
70 2.57E+12 70 2.76E+07
80 1.41E+18 80 2.07E+10
90 9.65E+19 90 1.45E+13
100 5.48E+23 100 7.60E+15
60 30 1.40E-03 30 1.59E-04
40 1.05E+01 40 9.05E-02
50 6.52E+04 50 3.47E+01
60 6.17E+08 60 3.63E+04
70 8.55E+11 70 9.18E+06
80 4.69E+15 80 6.91E+09
90 3.22E+19 90 4.84E+12
100 1.83E+23 100 2.54E+15
100 30 8.39E-04 30 9.50E-05
40 6.30E+00 40 543E-02
50 3.91E+04 50 2.08E+01
60 3.70E+08 60 2.18E+04
70 5.13E+11 70 551E+06 |
80 2.82E+15 80 4. 15E+09
90 1.93E+19 90 2.91E+12
100 1.10E+23 100 1.62E+15
140 30 5.99E-04 30 6.78E-05
40 4. 50E+00 40 3.88E-02
50 2.79E+04 50 1.48E+01
60 2.64E+08 60 1.55E+04
70 3.67E+11 70 3.94E+06
80 2.01E+15 80 2.96E+09
g0 1.38E+19 90 2.07E+12
100 7.83E+22 100 1.09E+15
180 30 4 66E-04 30 5.28E-05
40 3.50E+00 40 3.01E-02
50 2. 17E+04 50 1.15E+01
60 2.06E+08 60 1.21E+04
70 2.85E+11 70 3.06E+06
- 80 1.57E+15 80 2.31E+09
90 1.07E+19 90 1.61E+12
100 6.08E+22 100 8.45E+14
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FIG.50

.LPO1-LP01 LP11-LP11
R A L A L
mm gm km um km
20 30 7.00E-04 30 7.93E-05
40 5.26E+00 40 4.53E-02
50 3.26E+04 50 1.74E+01
60 3.09E+08 60 1.82E+04
70 4,29E+11 70 4.60E+06
80 2.35E+15 80 3.46E+09
90 1.61E+19 90 2.43E+12
100 9.15E+22 100 1.27E+15
60 30 2.34E-04 30 2,65E-05
40 1.76E+00 40 1.51E-02
50 1.09E+04 50 5.78E+00
60 1.03E+08 60 6.05E+03
70 1.43E+11 70 1.53E+06
80 7.83E+14 80 1.16E+09
90 5.38E+18 90 8.09E+11
100 3.05E+22 100 4.23E+14
100 30 1.40E-04 30 1.59E-05
40 1.05E+00 40 9.07E-03
50 6.52E+03 50 3.47E+00
60 6.19E+07 60 3.63E+03
70 8.57E+10 70 9.20E+05
80 4.70E+14 80 6.92E+08
90 3.22E+18 90 4.85E+11
. 100 1.83E+22 100 2.54E+14
140 30 1.00E-04 30 1.13E-05
40 7.52E-01 40 6.47E-03
50 4 66E+03 50 2.48E+00
60 4 42E+07 60 2.59E+03
70 6.12E+10 70 8.57E+05
80 3.36E+14 80 4 95E+08
90 2.31E+18 a0 3.47E+11
100 1.31E+22 100 1.82E+14
180 30 7.78E-05 30 8.82E-06
40 5.85E-01 40 5.03E-03
50 3.63E+03 50 1.93E+00
60 3.44E+07 60 2.02E+03
70 4.76E+10 70 5.11E+05
80 2.61E+14 80 3.85E+08
90 1.79E+18 90 2.70E+11
100 1.02E+22 100 1.41E+14
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FIG.51
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Core No. 1 2 3 4 5 6 7
TRANSMIS-
LPO1 | sioN Loss | dBAkm | 1.22 | 172 | 1.50 | 2.01 | 1.97 [ 149 | 2.15
Aeff ©m?2 170 | 183 | 190 | 182 | 187 | 181 | 185
B’?_“C’)%'QG dB/m | 005|010 019|007 0280381002
TRANSMIS-
LP11 | 51ON Loss | d@Bkm | 0.96 | 1.30 | 1.21 | 1.73 | 1.83 | 1.39 | 1.62
Aeff U m? 273 | 281 | 272 | 274 | 270 | 277 | 277
BENDING
T3S dB/m |152|155|1.48|193145]|1.15 | 1.87
fjoo
T : 2
L1
\—* _____ Core 2 LP11 (P2.11)
Core 2 LPO1 (Py.g1)
Core 1 LPO1__| L Core 1 LPO1 (Py.01)
Core 1LP11 Core 1 LP11 (P.11)
v .
LIGHT \ POWER
SOURCE ) *‘x{ METER
S 5 1, XY alignment 3 S
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FIG.56

Core 1[Core 2| XT[dB]
LPO1 | LPO1 | -64.6
LP11 | -64.5
LP11 | LP11 | -57.3

FIG.57

Equivalent tension=30gf Equivalent tension=60gf

Core1 | Core2 | XT[dB] | Core 1| Core2 | XT[dB]

LPO1 | LPO1 -63.3 .LPO1 | LPO1 -62.1

LP11 -62.8 LP11 -62.1

LP11 | LP11 -53.3 LP11 | LP11 -50.4

Within Core 1 XT[dB] Within Core 1 XT{dB]

LPO1 | LP11 -9.3 LPO1 { LP11 -2.0

Within Core 2 XT[dB]

LPO1 { LP11 -4.4
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FIG.59

que 18

Core 19

Core 15
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O
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Core No. 1 2 8 9 19
Aeff 1 m? 204 227 224 223 211
LPO1
BENDING -
LOSS dB/m 1.56 1.17 1.65 1.74 1.69
Aeff 1 m? 288 299 319 304 312
LP11
BENDING
LOSS dB/m 1.84 1.74 1.66 1.47 0.73
XT[dB] of Core 1-2 2-8 1-19
LPO1 -65.1 451 -63.5
LPO1
LP11 -64.8 -59.0 -83.7
LP11 LP11 -44 .4 -43.9 -60.2
Intra-core XT[dB] Core 1 Core2 | Core 8
LPO1 LP11 -4.5 -7.0 -6.2
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FIG.62

1-core 7-core 19-core

LPO1
LP11
n, neff
A
T [y I ittty Y
neff (LPO1) f---—------------m---mmmmmmmmm o oo -
A1
neff (LP11) f-——grrmmrmmmmmmm s emee -
(LP11) iAn 2a
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E 2 |88
A """" : ! """" """ e
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FIG.69

EP 2 743 742 B1

DISTANCE T TRANSMISSION
R MODE BETWEEN CORES | DISTANCE
mm ‘ um km
30 6.60E-04
40 4,05E+02
LP01-LPO1 50 1 OBE+06
80 2 94E+09
2 70 1.24E+12
30 1.02E-05
40 7 77E-01
LP11-LP11 50 9.95E+04
60 8.62E+07
70 5 48E+06
30 2.20E-04
40 1.35E+02
LPO1-LPO1 50 3.51E+05
60 9.80E+08
o 70 4.13E+11
30 3.39E-06
40 2.59E-01
LP11-LP11 50 3.31E+04
80 2 B4E+07
70 1 83E+08
30 1 32E-04
40 8.10E+01
LPO1-LPO1 50 2.11E+05
60 5.88E+08
70 2.48E+11
100 30 2.04E-06
40 1 56E-01
LP11-LP11 50 1.00E+04
60 1 71E+07
70 1 10E+06
30 9.42E-05
40 5.78E+01
LPO1-LPO1 50 1 51E+05
60 4.20E+08
70 1.77E411
140 30 1.46E-06
40 1 11E-01
LP11-LP11 50 1.42E+04
60 1 22E+07
70 7.82E+05
30 7 33E-05
40 4.50E+01
LPO1-LPO1 50 1 17E+05
80 3.27E+08
70 1 38E+11
180 30 1 13E-06
40 8.63E-02
LP11-LP11 50 111E+04
60 9,48E+08
70 6.08E+05
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EP 2 743 742 B1

FIG.70
R=20mm

1.0E+13 —
1.0E+11 —— LPO1-LPO1 L
108409 =1 —a— | p11.LP11 P
1.0E+07 7 T
1.0E+05 //-/
1.0E+03 /' /
1.0E-01 /
1.0E-03 :é
1.0E-05 : ' ' '

20 30 40 50 60 70 80

DISTANCE BETWEEN CORES [ ¢ m]
FIG.71

{ OE+12 R=60mm
1.0E+10 —— LP01-LPO1 //
1.0E+08 ~— | P11-LP11 //.\.
1.0E+06
1.0E+04 7""/
1.0E+02 —
1.0E+00 >
1.0E-02 7
1.0E-04 g
1.0E-06 : ' ’ '

20 30 40 50 60 70 80

DISTANCE BETWEEN CORES [ £ m]
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EP 2 743 742 B1

FIG.72
1 OE+15 R=100mm
1.0E+10 —| —— LP01-LPO1 //'
1.0E+08 —— —=— LP11-LP11 =
1.0E+06 /.\-
1.0E+04 -
1.0E+02 //
1.0E+00 /
1.0E-02 .4
1.0E-04 ./
1.0E-06 ' ' : ’
20 30 40 50 60 70 80
DISTANCE BETWEEN CORES [ ¢ m]
FIG.73
1 OE+12 R=140mm
1.0E+10 —— LP0O1-LPO1 /
1 0E+08 —=— | P11-LP11 /’/
1.0E+06 ///.\.
1.0E+04 /'/
1.0E+02 ///
1.0E+00
1.0E-02 ///
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